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Instructions to Authors 


1. Prior Publication 


7 Submission of a manuscript to the Editors involves the tacit assurance that no 
mmilar paper, other than an abstract or preliminary report, has been, or will be 
ubmitted for publication. 


2. Form and Style of Manuscript 


| Manuscripts should be typed with triple spacing throughout, and only the 
original copy should be submitted. Before being mailed to the Managing Editor, 
ll errors in typing should be corrected, and the spelling of proper names and of 
fords in foreign languages, the accuracy of direct quotations, and the correctness 
ef analytical data, as well as of numerical values in tables and in the text, should 
be carefully verified by the author. Care in grammatical construction is essential; 
wague, obscure, or ambiguous statements must be avoided. As the Journal is 
mead by chemists in foreign countries, technical neologisms and “laboratory slang” 
m@hould not be used; when unavoidable, such terms should be defined. Variations 
from standard nomenclature and all arbitrary abbreviations should be explained. 
jhe forms of spelling and abbreviation used in current issues of the Journal should 
be employed, and for chemical terms the usage of the American Chemical Society 
as illustrated by the indexes of Chemical Abstracts should be followed. Separate 
meets should be used for the following: (a) title page, (6) bibliography, (c) foot- 
Motes, (d) legends for figures, (e) tables, (f) other inserts. All, except the title 
age, should follow the text, and the sheets should be numbered consecutively with 

The title page should carry the title of the paper, the authorship, and the 
mame of the institution or laboratory of origin. 


8. Title 


_ The title should be as short as is consistent with clarity; in most instances two 
mrinted lines are adequate to give a clear indication of the subject matter of the 
r per. The title should not include chemical formulas, but chemical symbols may 
B meed to indicate the structure of isotopically labeled compounds. A running 
e should be provided (not to exceed 38 characters and spaces). 


4. Organization of Manuscript 


| A desirable plan for the organization of a paper is the following: (a) introductory 
statement, (b) Experimental (or Methods), (c) Results, (d) Discussion, (¢) Sum- 
fmary, (f) Bibliography. The approximate location of the tables and figures in 
Ethe text should be indicated. 

s (a) The introduction should state the purpose of the investigation and its rela- 
tion to other work in the same field, but extensive reviews of the literature should 
mot be given. A brief statement of the principal findings is helpful to the reader. 
t (6) The description of the experimental procedures should be as brief as is com- 
_patible with the possibility of repetition of the work. Published procedures, unless 
fextensively modified, should be referred to only by citation in the bibliography. 
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(c) The results are normally presented in tables or charts and should be described 
with a minimum of discussion. 

(d) The discussion should be restricted to the significance of the data obtained. 
Unsupported hypotheses should be avoided. 

(e) Every paper must conclude with a brief summary in which the essential results 
of the investigation are succinctly outlined. 

(f) The bibliography should conform in all details to the style used in current 
issues of the Journal. In the case of books, the author’s name with initials, the 
title in full, the place of publication, the edition if other than the first, the page, 
and the year of publication should be cited, in this order. Responsibility for the 
accuracy of bibliographic references rests entirely with the author; all should be 
confirmed by comparison of the final manuscript with the original publications. 
References to “unpublished experiments,” “personal communications,” etc., must 
be given in foot-notes, and not included in the bibliography. References to papers 
which have been accepted for publication, but have not appeared, should be cited 
like other references with the abbreviated name of the journal followed by the 
words “in press.”” It is advisable that copies of such papers be submitted to the 
Editors whenever the findings described in them have a direct bearing on the paper 
whose publication is requested. 


5. Chemical and Mathematical Formulas 


Reference in the text to simple chemical compounds may be made by the use 
of formulas when these can be printed in single horizontal lines of type. The 
use of structural formulas in running text should be avoided. Chemical equa- 
tions, structural formulas, and mathematical formulas should be centered between 
successive lines of text. Unusually complicated structural formulas or mathe- 
matical equations which cannot conveniently be set in type should be drawn in 
India ink on a separate sheet in form suitable for — by photoengraving 
(example, J. Biol. Chem., 181, 56 (1949)). 


6. Tables 


For aid in designing tables in an acceptable style, reference should be made to 
current issues of the Journal. A table should be constructed so as to be intelligible 
without reference to the text. Only essential data should be tabulated. Every 
table should be provided with an explanatory caption, and each column should 
carry an appropriate heading. Units of measure must always be clearly indicated. 
If an experimental condition, such as the number of animals, dosage, concentration 
ot a compound, etc., is the same for all of the tabulated experiments, this informa- 
tion should be given in the text or in a statement accompanying the table, and 
not in a column of identical figures in the table. 

The presentation of large masses of essentially similar data should be avoided, 
and, whenever space can be saved thereby, statistical methods should be em- 
ployed by tabulation of the number of individual results and the mean values with 
their standard deviations or the ranges within which they fall. A statement that 
a significant difference exists between the mean values of two groups of data should 
be accompanied by the probability derived from the test of significance applied. 
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Only in exceptional cases, the necessity for which must be clearly demonstrated, 
may the same data be published in two forms, such as a table and a line figure. 


7. Illustrations 


The preparation of illustrations is particularly important, and authors are re- 
quested to follow carefully the directions given below. In case of doubt, the 
Editorial Office will gladly supply specific information. 

It is helpful to the Editorial Office if all charts and drawings are submitted on 
sheets 84 by 11 inches in size. Large size drawings or those much smaller than 
manuscript sheets are difficult to handle. 

Charts should be planned so as to eliminate waste space, yet be provided with 
suficient margin for labeling and for instructions about reproduction. Curves 
that can be placed on one chart without undue crowding should not be given in sepa- 
rate charts. The drawings should be made on Bristol board, blue tracing cloth, 
or on coordinate paper printed in light blue. Mounting on heavy cardboard is 
undesirable. Photoengravings made from photographic prints are inferior to those 
prepared from the original drawings, which should, therefore, be submitted when- 
ever possible. If it is necessary to submit photographic prints, because of the 
excessive size of the originals, these should be carefully prepared. All parts of the 
chart should be in even focus, and rules and lettering should be fairly thick, as well 
as large enough for the necessary reduction. When oversized original drawings 
are submitted, a set of small photographic prints is convenient for the use of ref- 
erees. 

All charts should be ruled off on all four sides close to the area occupied by the 


"curves, and descriptive matter placed on the ordinate and abscissa should not 


extend beyond the limits of these rules. Black India ink should be used through- 
out. Letters and figures should be uniform in size and large enough so that no 
character will be less than 2 mm. high after reduction — page width 44 
inches). 

The scales used in plotting the data should be indicated ~ short index lines 
perpendicular to the marginal rules of the drawing on all four sides, unless more 
than one scale is used on the ordinates, at such intervals that interpolation will 
permit reasonably accurate evaluation of experimental points. Points of observa- 
tion should be indicated by symbols drawn with instruments. The significance 
of the symbols should be explained on the chart or in the legend. If they are not 
explained on the face of the chart, only standard characters, of which the printer 
has type, should be employed (X, O, @, 0, @, A, A, ©). 

Photographs submitted for half-tone reproduction should be printed on white, 
glossy paper. The cost of half-tone reproductions will be charged to the authors. 

Each chart, graph, or illustration should be clearly identified, on the margin, 
with the authors’ names and the number of the figure. Each must also be ac- 
companied by an explanatery legend. 


8. Proof-Reading 


Authors are responsible for the reading of galley and page proof. The cost of 
changes, other than correction of printer’s errors, wil! be charged to authors. 
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9. Reprints 

Reprints will be issued only when ordered by authors. When they are to be 
charged to an institution, an official purchase order must be supplied in addition 
to the order form submitted with the proof. All orders, including the purchase 
orders, must be sent to the Editorial Office of the Journal. The total number of 
reprints must be ordered when galley proof is returned to the Editorial Office. Re- 
prints are made at the time the Journal is printed and the type is destroyed at once. 
Therefore, additional reprints cannot be supplied after an issue of the Journal is 
printed except by a photo-offset method. The cost of such reproduction is many 
times greater than that of reprints printed from the original type. 
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NUCLEOTIDE METABOLISM 


I. THE CONVERSION OF OROTIC ACID-6-C“" TO URIDINE 
NUCLEOTIDES* 


By ROBERT B. HURLBERTY{ anp VAN R. POTTER 


(From the McArdle Memorial Laboratory, Medical School, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, October 12, 1953) 


In previous studies on the biosynthesis of the nucleic acids, orotic acid 
(uracil-6-carboxylic acid-4-C™) has been shown to!be a specific precursor of 
the pyrimidine moieties of the nucleic acids (see the references in Hurlbert 
and Potter (3)), but previous data have been limited to the nucleic acids 
per se. ‘The present studies have extended these investigations to include 
the protein-free, acid-soluble fractiqn of tissues. 

In the initial survey of the over-all metabolism of the compound (3), the 
liver was found to be the major depot of orotic acid derivatives. Thus, 
at 2 hours after the injection of orotic acid, about 35 per cent of the in- 
jected radioactivity was present in the liver as metabolic derivatives of 
orotic acid, and none of the radioactivity was in the form of the injected 
compound. An attempt was then made to maintain a balance sheet on 
the distribution of radioactivity in the acid-soluble and acid-insoluble (tri- 
chloroacetic acid- or perchloric acid-precipitable) fractions of the liver up 
to 91 hours following a single injection of labeled orotic acid. It was 
found that 80 per cent of the radioactivity of the liver was originally in 
the acid-soluble fraction and subsequently moved into the acid-insoluble 
fraction in high yield; by the end of the period studied all of the radio- 
activity was in the acid-insoluble fraction and essentially none of it was 
in the acid-soluble fraction. 

Since it could be shown that throughout the period studied the radio- 
activity in the acid-insoluble fraction could be accounted for in terms of 
the pyrimidine bases of the ribonucleic acids (RNA),! and, since the con- 


*Two preliminary reports have appeared (1, 2). This work was supported in 
part by a grant (No. C-646) from the. National Cancer Institute, National Institutes 
of Heaith, United States Public Health Service, and in part by an institutional 
grant (No. 71) from the American Cancer Society. 

Orotic acid-6-C™ is also known as uracil-6-carboxylic acid-4-C"™ or 1,2,3,6-tetra- 
hydro-2,6-dioxo-4-pyrimidinecarboxylic acid-6-C™ according to nomenclature used 
in Chemical Abstracts. 

t Present address, Kemiska Institutionen, Karolinska Institutet, Stockholm. 

1 Essentially no radioactivity is found in the desoxyribonucleic acid (DNA) of the 
normal rat livers, but unpublished studies by L. Hecht in this laboratory have shown 
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version of acid-soluble radioactivity to RNA was so efficient, it was sug- 
gested (3) that characterization of the radioactive components of the acid- 
soluble fraction might provide information regarding the normal metabolic 
intermediates in the formation of the pyrimidines in ribonucleic acid. The 
further study of the acid-soluble fraction in relation to the synthesis of RNA 
is the subject of the present report. 

The separation and identification of the radioactive intermediates of the 
acid-soluble fraction have been carried out with the aid of anion exchange 
chromatography. Methods that had been originally developed by Cohn 
(4) for the separation of the nucleotides from nucleic acid hydrolysates 
were modified in such a way as to facilitate the separation of the complex 
mixture present in the acid-soluble fraction. Fractionation on the basis 
of radioactivity led directly to the isolation of radioactive uridine mono- 
phosphate (1) by means of the chromatographic procedures (5, 6) originally 
used. When a part of the radioactivity could not be eluted from the col- 
umns by these procedures, stronger eluents were employed to obtain com- 
plete recovery of the radioactivity. In order to relate the events in the 
acid-soluble fraction to nucleic acid synthesis, the radioactivity in fractions 
from the acid-soluble extracts obtained at different intervals after the in- 
jection of orotic acid was compared with the radioactivity in the RNA of 
the nuclear and cytoplasmic fractions (2). 

During this work and the concurrent studies of a similar nature with 
glucose-1-C'* as the precursor (7, 8), the methods for the anion exchange 
chromatography of the acid-soluble fraction were continually evolving; 
the work on these two programs led to the chromatographic system de- 
scribed in Paper II (9) and to the isolation of a hitherto unrecognized series 
of pyrimidine and purine nucleotides that are analogous to the well known 
adenosine nucleotides (10). The data for the orotic acid studies are re- 
ported in the light of these collateral reports. 


Methods 


General—The methods used here were the same as those previously 
described (3, 6), unless otherwise noted. Each rat received an intraperi- 
toneal injection of 5.75 um (1.0 mg.) of neutralized orotic acid (11) with a 
specific activity of 240,000 c.p.m. per um (0.218 ue. per um) as determined 
by the direct plating method reported below. After the injection the rats 
were kept in metabolism cages to permit the collection of urine and respira- 
tory COs. (The latter data were similar to those reported previously (3) 
and are not recorded here.) 

Preparation of Cell Fractions from Liver—Immediately after death of 


that large amounts of radioactivity enter the DNA of regenerating live: in rats at 
appropriate times after partial hepatectomy. 
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the animal;the liver was perfused in situ by passage of cold 0.25 m su- 
crose from the superior vena cava out through the portal vein (6). The 
liver was pressed through a plastic mincer (12) to remove the connective 
tissue. A 7 gm. portion was removed to be homogenized in 50 ml. of 0.25 
M sucrose, and the remaining 4 to 5 gm. were immediately extracted with 
cold perchloric acid (5, 9) for chromatography. 

The nuclear fraction (R-1S) was prepared from the homogenate by cen- 
trifugation at 750 * g and was washed twice by means of a brief homogen- 
ization in isotonic (0.25 m) sucrose, followed by centrifugation at 440 X g. 
A flat yoke head, No. 269, in a model PR-1 International refrigerated 
centrifuge, and 10 minute centrifugation times were used. The combined 
supernatant fluids, representing the cytoplasmic fraction (C), were either 
analyzed as such or further fractionated as described below. The nuclear 
fraction was then suspended in cold 2 per cent citric acid (see (13));? at this 
point aliquots for analysis of the sucrose-washed nuclei (R-1S) were taken. 
The nuclei were washed twice at 4° with 2 per cent citric acid and two or 
three times with 2 per cent acetic acid in order to prepare the citric acid- 
washed nuclei (R-1C). In this procedure, the pellet was resuspended by 
use of a loose fitting homogenizing pestle, and the nuclei were allowed to 
stand for about $ hour before centrifugation in a clinical centrifuge. 

In several cases (the 2, 4, 8, and 16 hour time points), the mitochondrial 
fraction (R-2) and the ‘‘poorly sedimented” fraction (R-3) were obtained 
by centrifugation of the sucrose supernatant fluid (C) by a force of 11,000 
X g for 10 minutes in an angle head International centrifuge with the high 
speed attachment No. |2535. This pellet was washed once by suspension 
in sucrose and sedimentation at 8000 X g; then the loosely packed, gray- 
ish, poorly sedimented layer was separated mechanically from the denser, 
brownish mitochondria (14). Each of the two fractions was washed once 
more; further separation was usually visible, and appropriate recombina- 
tions were made. 

A portion of the microsomes (R-4) was prepared by centrifugation of 
the supernatant fluid from the mitochondrial and poorly sedimented frac- 
tions for 30 minutes at 30,000 * g. The entire pellet, including some 
loosely packed particles, was separated from the final supernatant fluid 
(S-4); it was not washed further. Table I shows the nucleic acid compo- 
sition of these fractions, determined as described below. 

Preparation of Acid-Soluble and Acid-Insoluble Tissue Fractions—Ali- 


- quots of each fraction were precipitated by cold trichloroacetic acid (TCA) 


and washed, and the washings were combined with the original supernatant 
solution to give the acid-soluble fraction previously described (3). The 


?The procedure was modified according to the recommendations of Dr. O. Ny- 
gaard. 
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residue was extracted with hot TCA (15) to yield the radioactivity of the 
acid-insoluble fraction in a soluble form as previously shown (3), and the 
extracts were analyzed for RNA and DNA (8). For the chromatographic 
studies the acid-soluble extract was prepared with perchloric acid (PCA), as 
described elsewhere (5, 9). 

Determination of Radioactivity>—The radioactivity data presented here 
were determined by direct plating of the material on aluminum disks. The 
principle of the method previously described (3) was used, but ammonium 
trichloroacetate was included as a non-radioactive “‘filler’” to provide a 
more reproducible self-absorption. In this procedure, aluminum plates 


TABLE [ 
Nucleic Acid Content of Cell Fractions 


The averaged results of the analysis of prepared cell fractions (see the text) by 
the method of Schneider (15) are shown. The RNA (corrected) values were ad- 
justed, assuming that the loss of RNA was proportional to the mechanical loss of 
DNA. Incomplete recovery of DNA in the R-1S and R-IC fractions appeared to 
result from adherence of the nuclei to the sides of tubes and pipettes. 


Recovery of nucleic acids in cell fractions, 
Total mg. per cent of total in liver 
Component r gm. 
liver 

R-1S* | R-1C R-2 R-3 R-4 S-4 Cc 
7.9 7 4 5 23 38 22 91 
RNA (corrected). ........ 8 5.6 


* R-1S is the nuclear fraction from sucrose; R-1C the nuclear fraction after purifi- 
cation with citric acid; R-2 the mitochondrial fraction; R-3 the ‘‘poorly sedimented” 
fraction; R-4 the microsomal fraction; and S-4 the final supernatant fraction. C 
represents the total for unfractionated cytoplasm. 


which had been inscribed with a circle, 3.8 sq. cm. in area, and washed with 
CCl, or acetone were used. When TCA extracts were to be plated, 200 
ul. of the sample were neutralized on the plate with an excess of concen- 
trated NH3. For solutions not containing TCA, 50 ul. of 10 per cent TCA 
previously neutralized by NH; were added to 100 to 400 ul. of the sample. 
The solutions on the plate were thoroughly mixed with a small stirring rod, 
spread to cover the inscribed circle, and allowed to dry at room temperature. 
The amount of material on the plate was weighed to permit estimation of 
self-absorption (16). The values obtained by this direct plating method 


* Most of the counting was done by Mrs. Dorothy McManus and Mrs. Edith Wal- 
lestad under the general supervision of Dr. Charles Heidelberger of this department. 
This skilled assistance and counsel are gratefully acknowledged. Throughout this 
paper counts per minute will be used to mean counts per minute in the internal gas 
flow proportional counters used in this study. 
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have been reproducibly consistent among themselves; however, empirical 
calibration against standard methods, such as the combustion method (16), 
is required to obtain absolute values. For example, determination of the 
specific activity of the orotic acid by this direct plating method gives the 
value 240,000 c.p.m. per um, compared with 330,000 c.p.m. per um obtained 
by combustion. All of the values reported in this paper were obtained by 
the direct plating method. 

Analysis for Uridine Monophosphate (6’-UMP)—The samples were hy- 
drolyzed by 1 N HCl at 100° for 10 minutes, and the HCl] was removed by 
vacuum desiccation (5, 9). The samples were then chromatographed on 
small ‘‘hand-operated’”’ Dowex 1 (formate) columns by elution with formic 
acid, essentially as described for the chromatography of the uridylic acid 
from RNA (8) with the exception that the 5’-UMP is eluted earlier. 
The purified 5’-UMP was then measured spectrophotometrically (9). 

Chemical Methods—For the analysis of the chromatographic fractions, 
ribose was determined by the modified orcinol method with ribose as a 
standard, and phosphate was determined by the Fiske-Subbarow method, 
both as described elsewhere (9). In the determination of the rate of hy- 
drolysis of the phosphate from the uridine monophosphates, the 8 n HCl 
was removed by vacuum desiccation, followed by determination of the 
inorganic phosphate in the usual manner. 

Chromatography of Acid-Soluble Fraction—The chromatographic pro- 
cedures have from the start involved Dowex 1 (formate) columns which 
were eluted by means of a mechanical system for increasing the concentra- 
tion of the eluent continuously (6). The procedures used for Sections I and 
II have been described by Busch e¢ al. (5) except that elution was com- 
pleted by the use of about 50 ml. of 0.5 m HCl in order to obtain another 
large radioactive fraction. During this work the chromatographic pro- 
cedures were varied in order to develop a system for the separation of the 
components of the fraction eluted by HCl. Since in many cases the varia- 
tions have been superseded, they will not be described in detail. The most 
recent and complete chromatographic methods which have resulted from 
these improvements are described elsewhere (9); these methods were used 
to obtain the data given in Section III. 


Results 
I. Preliminary Examination of Acid-Soluble Fraction 


Chromatographic Distribution of Radioactivity—The nature of the radio- 
active compounds present in the PCA-soluble fraction was examined by 
anion exchange chromatography. The initial effluent, the fractions eluted 
with formic acid, and the final HCl eluate were analyzed for their C™ con- 
tent and for their ultraviolet light absorption at 260 my and other wave- 
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lengths. The latter measurements revealed a number of peaks. Two of 
the more prominent non-radioactive peaks were recognized as adenosine- 
5’-phosphate (AMP) and adenosine-5’-diphosphate (ADP) by their spec- 
trum and their phosphate and ribose content, as well as by comparison 
with the positions of authentic samples on other chromatograms. 

The radioactivity was distributed in several discrete peaks, as follows: 
about 5 to 10 per cent of the C™ of the acid-soluble fraction was eluted by 
the initial effluent, about 5 to 10 per cent in two peaks eluted in the region 
of AMP, 20 per cent in a single peak eluted prior to the ADP peak, and the 
remainder in the HCl eluate. 

Identification of Radioactive UMP as Uridine-5'-phosphate—The radio- 
active peak prior to ADP on the chromatogram was identified as uridine- 
5’-phosphate (5’-UMP). This peak as originally obtained was not homoge- 
neous, but the purification of the fraction was facilitated by the finding 
that the UMP is stable to 1 Nn HCl at 100° for 10 minutes. This treatment 
hydrolyzes labile compounds, such as the adjacent ADP, and thus the UMP 
could be obtained as a homogeneous peak by rechromatography on the 
same system with formic acid as the eluent. The hydrolysis procedure 
did not alter the chromatographic behavior of the UMP. The spectrum 
of the compound was nearly identical with the spectrum of uridine reported 
by Caputto ef al. (17), and 1 um of stable phosphate, but no labile phos- 
phate, was present per micromole of uridine. 

It was demonstrated that the 5’-UMP was chromatographically sepa- 
rable from both orotic acid and the uridylic acid obtained from RNA by 
alkaline hydrolysis (7.e., a mixture of uridine-3’- and uridine-2’-phosphates). 
Chromatography on this same system (5) of a prepared mixture of (a) the 
radioactive UMP from the acid-soluble fraction, (b) non-radioactive 3’(2’)- 
uridylic acid, and (c) radioactive orotic acid separated the compounds as 
follows: radioactive UMP was in Tubes 42 to 46 (at 3.5 ml. per tube), non- 
labeled uridylic aeid in Tubes 53 to 59, and radioactive orotic acid in Tubes 
65 to 70. 

Further identification of the radioactive UMP as uridine-5’-phosphate 
was effected by chemical and chromatographic comparison with an au- 
thentic sample of uridine-5’-phosphate. The latter compound was pre- 
pared by hydrolysis of uridine-5’-pyrophosphate‘ in 1 N HC] and purified by 
chromatography. Table II shows the radioactive uridine monophosphate 
from the acid-soluble extract and the authentic uridine-5’-phosphate to be 
similar to each other, but distinct from the 3’(2’)-uridine monophosphate, 
with respect to rates of ribose and phosphorus liberation during treatment 
by 8N HCl. Moreover, the radioactive UMP from rat liver and the auth- 
entic uridine-5’-phosphate were not separable by this chromatographic pro- 


‘ Kindly provided by Dr. James Park. 
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cedure; all tubes comprising the peak that represented the mixture had the 
same specific activities in terms of radioactivity relative to optical density 
at 261 mp. Further proof of the identity of the ‘‘acid-soluble’’? UMP with 
uridine-5’-phosphate, by other chromatographic methods and by hydroly- 
sis with snake venom 5’-nucleotidase (18), is presented in Paper III (10). 
In all further discussion this compound will be referred to as 5’-UMP. 
Examination of Other Radioactive Components—The radioactivity in the 
initial efuent was not due to 5’-UMP, and this compound was not libera- 
ted from this fraction on acid hydrolysis. When the unhydrolyzed initial 
efluent was rechromatographed from Dowex 50 columns by elution with 
HCl over a continuous range of concentration from 0 to 3 N, part of the 
radioactivity was not retained by the column and part of it was eluted in 


TABLE II 
Comparison of Uridine Phosphates by Hydrolysis in 8 nw HCl 


Apparent ribose (orcinol reac- Liberation of inorganic phos- 
tion), per cent of total um uridine phate, per cent of total P 


Hydrolysis time, min. 


15 30 60 120 15 30 60 120 
5 10 21 37 4 12 18 34 
Uridine-5’-PQ,f............... 15 29 57 81 4 15 30 55 
Uridine monophosphatef......| 17 30 58 84 | 4 14 30 58 


* Uridine-3’(2’)-phosphate from RNA; commercial sample. 
t+ Authentic sample provided by Dr. James Park. 
t Radioactive compound from cold PCA extract of rat liver. 


one peak, which has not been examined further. The peaks in the region 
of AMP on the original Dowex 1 (formate) column also failed to liberate 
5’-UMP on hydrolysis. Radioactive cytidine-5’-phosphate (5’-CMP) has 
been obtained from one of these peaks (see ‘‘Discussion’’). 

Examination of the chromatograms of the radioactive acid-soluble frac- 
tion showed no C* in the position normally occupied by orotic acid. This 
confirmed the previous report (3) that radioactive orotic acid was no longer 
present in the acid-soluble fraction, even $ hour after the injection. How- 
ever, when the rat urine (collected for 3 hours) was chromatographed, 97 
per cent of the C™ in the sample was found in the position usually occupied 
by orotic acid. Although this material was not further purified, the spec- 
trum was similar to that of orotic acid, and the specific activity, calculated 
from the ultraviolet measurements, was at least 90 per cent that of the 
orotic acid administered. Apparently, the orotic acid is excreted un- 
changed and is probably undiluted by orotic acid of metabolic origin. 
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Presence of 5’-Uridine Phosphate Derivatives in HCl Eluate—The large 
proportion of the acid-soluble radioactivity present in the HCl eluate 
warranted further attention. In addition to the radioactivity, the HCl 
eluate contained considerable material that absorbed ultraviolet light and 
was obviously heterogeneous. It was suspected that nucleotide pyrophos- 
phates might be present, since adenosinetriphosphate came off in this frac- 
tion when authentic samples were chromatographed by this system. The 
occurrence of higher phosphates of uridine was postulated, and, since it 
had been shown that 5’-UMP was stable to acid, the HC] eluate was sub- 
jected to hydrolysis by 1 N HCl at 100° for 10 minutes. The hydrolysate 
was rechromatographed on the formic acid system that had been used to 
purify 5‘-UMP (see above). Essentially all of the C“ of the HCl eluate 
was recovered in a rechromatographed fraction which was identical with 
the 5’-UMP. Thus, it was concluded that a large proportion of the radio- 
activity of the acid-soluble fraction was in the form of 5’-UMP and deriva- 
tives of this compound. (The derivatives found in the HCl eluate were 
later separated into distinct fractions by improved chromatographic meth- 
ods and were identified as uridine-5’-diphosphate (5’-UDP), uridine-5’-tri- 
phosphate (5’-UTP), and several derivatives of 5’-UDP (Section ITI) (see 
Hurlbert et al. (9)).) 

It was considered possible that the formation of the uridine phosphates 
might be stimulated by, or arise solely from, the orotic acid injected. The 
livers of rats that had not received any orotic acid were accordingly ex- 
amined, and both the free 5’-UMP and UMP derivatives were found in 
amounts similar to those found in injected animals. 

These preliminary studies on untreated rats and on rats 1 to 2 hours after 
the injection of orotic acid established (a) that uridine-5’-phosphate and 
derivatives of it are normally present in cold PCA extracts of rat liver and 
(b) that the conversion of orotic acid to these compounds represents a major 
metabolic pathway for orotic acid in rat liver in vivo, although other radio- 
active derivatives were also present. 


II. Relationships among Acid-Soluble Uridine Phosphates 
and RNA Pyrimidines 

Before carrying out further identification studies on the individual com- 
pounds, a survey of the various radioactive fractions at a number of differ- 
ent time intervals was made, since it was possible that a shift in the relative 
proportions of radioactivity in these fractions might occur at earlier or 
later intervals, or that other radioactive fractions might appear. While 
obtaining more quantitative data on the conversion of orotic acid to the 
uridine phosphates, we also decided to correlate these data with the in- 
corporation of radioactivity into the RNA of several cell fractions. 
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In a series of experiments, rats were killed at various times after the in- 
jection of 1.0 mg. of orotic acid.’ One portion of the liver was extracted 
with cold PCA, and this extract was chromatographed by the method de- 
scribed above (5). The radioactivity in the sample effluent, early peaks, 
UMP peak, and HCl eluate was determined, and the specific activities of 
the purified 5’-UMP from the UMP peak and from the HCl eluate were 
determined after hydrolysis and further chromatography. 

The other portion of liver was separated into nuclear and cytoplasmic 
cell fractions by centrifugation in sucrose medium. The nuclear fraction 
was freed of cytoplasmic contamination by further washing with cold citric 
acid. In some cases the cytoplasmic fraction was further fractionated in 
sucrose medium to obtain the mitochondrial fraction (R-2), “‘poorly sedi- 
mented”’ fraction (R-3), large microsomal fraction (R-4), and supernatant 
fraction (S-4) containing some of the microsomes. The nucleic acid con- 
tent of these fractions is given in Table I. The radioactivity of the RNA 
(Table I) in these cell fractions was also determined. In addition, the 
nucleic acids of the purified nuclear fraction (R-1C) were extracted by hot 
sodium chloride (3), and the nuclear RNA was separated from the DNA and 
hydrolyzed (3) to permit determination of the specific activity of the con- 
stituent pyrimidine nucleotides. 

The results are presented in Figs. 1 to 4. Figs. 1 and 2 show the relative 
amounts of C™ in these various fractions, and Figs. 3 and 4 show their 
specific activities. In accord with previous data (3) it may be observed 
that most of the C" initially in the liver is in the acid-soluble fraction, and 
it is shown here that over two-thirds of this C™ is in the UMP compounds. 
The decrease in the acid-soluble C™ is associated with an increase in the 
radioactivity of the various RNA fractions.® 

It may be seen from Figs. 1 and 2 that the maximal amount of radio- 
activity in the total RNA of the liver occurred at about 16 hours in this 


’ The 3, 2, 3, 4, 8, and 16 hour points each represent pooled organs of two 170 
gm. male rats and were determined under comparable conditions. The data at 1 
hour were obtained in a similar way, but not as part of this series. The } and 24 
hour points represent individual, 140 gm. female rats bearing Flexner-Jobling tu- 
mors. The data given for each of these latter two points are supported by data 
obtained on a similar rat which received a larger dose of orotic acid. These experi- 
ments differ from the original survey (3) in several respects: In the present experi- 
ments the livers in the main series were from normal rats, 7.e. without tumors, the 
nuclei were repurified and compared with the nuclei obtained by centrifugal means 
alone, and the cytoplasmic fraction was separated into more centrifugal fractions. 

6 The data do not offer an accurate kinetic record because too few animals were 
used to offset the large variations in utilization of the dose in these experiments. 
The reason for these variations has not been determined, except for the } hour time 
point at which the low value for total acid-soluble C4 probably represents incomplete 
absorption from the peritoneal cavity. 
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experiment and that this amount was equal to 60 per cent of the maximal 
radioactivity found in the acid-soluble fraction (at } to 3 hours). The 
other 40 per cent, which amounts to 16 per cent of the injected radio- 
activity, probably represents conversion to COs, since in the earlier study 
(3) approximately 18 per cent of the injected radioactivity appeared as 
CO, during this interval. 

Chere appears to be no major shift in the distribution of radioactivity 
between the free UMP and the UMP derivatives. Fig. 3 shows the two 
fractions to have similar specific activities, although at shorter periods the 
specific activity of the UMP derivatives appears significantly smaller than 


ACID-SOLUBLE RNA 


0 CYTOPLASMIC RNA 
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@ NUCLEAR RNA 


1234 8 16 24 
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Fia@s.1AaNnp 2. Distribution of radioactivity in acid-soluble fraction and in RNA 
of rat liver at various times after injection of 1 mg. (1.38 XK 10° c¢.p.m.) of orotic acid 
(uracil-6-carboxylic acid-4-C'). The radioactivity is reported in terms of the per 
cent of the injected amount recovered in the designated fraction calculated on the 
basis of the total liver. The nuclear RNA was obtained from nuclei that had been 
purified by the citric acid technique. The subfractions .of the acid-soluble extract 
were obtained by chromatography. In Fig. 1, the open bars represent unrecovered 
radioactivity (see foot-notes 6 and 7). 


that of the UMP (see also Table IV below). It is of possible significance 
that the combined effluent and early peak fractions contain proportionately 
more C'* at 2 to 4 hours than at other times,’ although at all time points 
studied the UMP and its derivatives account for the major part of the 
radioactivity. 

The data on the incorporation of C4 into the nuclear and cytoplasmic 
nucleic acids confirm the previous report as to the early and rapid uptake 
of C™ by the nuclear RNA, as indicated by both specific activity and total 


7 The apparent failure to achieve complete chromatographic recovery of the acid- 
soluble C" in this series was probably due to summation errors in the direct plating 
of a number of different kinds of samples. However, it is not likely that any large 
amounts of radioactivity were overlooked, because the chromatograms were com- 
pletely screened for 
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radioactivity. Whereas the previous report described the results with a 
heterogeneous nuclear fraction, these data demonstrate that the highly 
radioactive RNA is truly of nuclear origin. Fig. 4 includes the specific 
activity of the RNA of the nuclear fraction prepared in sucrose medium. 
When the fraction was further washed with citric acid, in order to remove 
the cytoplasmic contamination, the specific activity of the remaining RNA 
was increased as shown. The specific activity of the RNA removed by 
the washing was approximately that of the total cell RNA. 
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Fig. 3. Specific activities of uridine phosphates from the acid-soluble fraction 
and from RNA at different time points after the injection of orotic acid. The ‘‘acid- 
soluble UMP”’ is the free 5’-UMP obtained by chromatography of the acid-soluble 
extract; the 5’-UMP derived by hydrolysis of the ‘‘HCl eluate’? chromatographic 
fraction is also shown. Comparison is made with the uridylic acid (3’(2’)-UMP) 
derived from the RNA of the citric acid nuclear fraction by alkaline hydrolysis. 

Fic. 4. Specific activities of RNA from purified nuclei (CIT), from non-purified 
nuclei (SUC), and from cytoplasmic RNA at various time points after the injection 
of orotic acid, as for Fig. 1. 


The RNA content of these two fractions is given in Table I; the amount 
of RNA definitely associated with the nucleus corresponds with that re- 
ported by other workers (19). The radioactivity of the isolated DNA was 
negligible in comparison with the RNA.! 

In several experiments the cytoplasmic fraction was further fractionated. 
The specific activities of the RNA fractions are presented in Table III, and 
the amounts of RNA in these fractions in Table I.2 The supernatant 
fraction (S-4) as prepared would presumably contain the smallest cyto- 
plasmic particles, as well as the non-centrifugible RNA. Since the spe- 
cific activity of the RNA in this fraction was significantly higher than that 


§ The specific activity of the mitochondrial RNA was not determined accurately 
because of the small amount of RNA present and the contamination with nuclear 
RNA. 
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in the other cytoplasmic fractions, its further fractionation would be of 
interest. 

In Fig. 3 the specific activities of the uridylic acid prepared from the 
nuclear RNA are given.’ As one should expect, these specific activities 
parallel the specific activities of the nuclear RNA in Fig. 4. It is also sig- 
nificant that the specific activity of the nuclear uridylic acid pool reaches a 
value 40 to 50 per cent as high as that of the pool of acid-soluble uridine 
phosphates at 2 hours and that the specific activities of these two pools 
remain in proportion at all the time points studied (Fig. 3). These data 
indicate that a direct relationship exists between the uridines of the nu- 
cleus and the acid-soluble fraction. The relationship between the specific 


TaBLeE III 
Specific Activity of RNA of Cytoplasmic Cell Fractions 


The specific activities were determined after direct plating of the radioactive 
TCA extracts, which were prepared by the method of Schneider (15). 


Specific activity, c._p.m. per mg. RNA 
Cell fraction* Time after injection 
2 hrs. 4 hrs. 8 hrs. 16 hrs. 


* See the foot-note to Table I. 


activities of the uridine from cytoplasmic RNA (Fig. 4) and the acid- 
soluble uridine (Fig. 3) does not appear to be so direct." 


® More than 50 per cent of the radioactivity of the nuclear RNA fraction was re- 
covered in the uridylic and cytidylic acids. Quantitative results of the C' were not 
achieved because of the small amount of RNA available. The specific activities of 
the cytidylic acids were lower than those of the uridylic acids. The figures are not 
reported here, because some of the cytidylic acid preparations were not spectrophoto- 
metrically pure. 

10 With regard to the localization of the acid-soluble radioactivity, it seemed pos- 
sible that the large incorporation into the RNA of the nuclear fraction was the result 
of a concentrative uptake of the acid-soluble C as such in the nuclei. Hence, cold 
TCA extracts of the isolated fractions were prepared and counted. In the three 
cases examined (the 2, 4, and 8 hour time points), 90 per cent of the acid-soluble C™ 
was found in the final supernatant solution, about 1 per cent in the sucrose-washed 
nuclei, and 7 per cent in the microsomal fraction. These results indicate that the 
acid-soluble C™ is not associated with the sucrose-washed nuclear fraction, nor to 
any great extent with any of the other particulate fractions, as prepared. 
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III. Further Examination of HCl! Eluate Fraction 


Chromatography of Four Derivatives of Uridine-5’-POs—Since the HCl 
eluate fraction contained a large proportion of the total acid-soluble radio- 
activity, the fraction was further examined to determine the nature of the 
labile compound or compounds containing the radioactive uridine-5’-mono- 
phosphate. Procedures for the chromatographic resolution of the nucleo- 
tides in this fraction were developed and are reported elsewhere (9). The 
columns were eluted by formic acid, essentially as before; however, in place 
of the elution by HCl, the columns were further eluted by increasing con- 
centrations of ammonium formate in formic acid (the formic acid or Type 
I system (9)). A number of peaks were detectable by their optical density 
at 260 my (see Fig. 2 (9)). The peaks containing radioactivity were then 
either hydrolyzed by HCl, to permit chromatographic isolation of the uri- 
dine monophosphate, or were rechromatographed without hydrolysis on 
columns eluted with ammonium formate buffer (the ammonium formate or 
Type II system (9)) to permit chemical analysis of the purified compounds. 

In several experiments, four rats were killed after 20 minutes, 60 minutes, 
or 24 hours after the dose of orotic acid, and the distribution of C“ in the 
liver was determined. The relative amounts of C“ in the RNA and in the 
acid-soluble fraction have already been given in Figs. 1 and 2. In these 
experiments, the acid-soluble fraction was completely chromatographed 
by the formic acid system, and the specific activities of the uridine phos- 
phate in the radioactive peaks were determined after hydrolysis and chro- 
matography. 

These chromatograms revealed four peaks containing radioactive uridine 
phosphate in the fraction obtained in previous work as the ‘“‘HCl eluate.” 
A typical chromatogram is presented in Fig. 2 of Paper II (9). On the 
basis of work to be discussed later, these four peaks have been designated 
UDP-X,, UDP-X2, UDP-X;3 plus UDP, and UTP. The total amount of 
uridine phosphate and its derivatives in these chromatograms was estimated 
to be about 1 um per gm. (fresh weight) of liver. The approximate distri- 
bution was UMP 0.2, UDP-X, 0.25, UDP-X; 0.3, and UDP plus UDP-X; 
0.2 wm per gm. Some of the UMP may be derived from breakdown of its 
derivatives. Later work (see Figs. 2 and 3 in Paper II (9)) has indicated 
that UDP and UDP-X; contribute similar amounts of uridine phosphate, 
t.e. 0.1 um of each per gm. The UTP peak was not consistently obtained 
in this series because the chromatographic procedures were not yet com- 
pletely developed; its concentration as determined in later experiments has 
been about 0.1 um per gm. of liver. 

The specific activities of the uridine phosphates derived from these com- 
pounds are given in Table IV. At 1 hour these different uridine nucleo- 
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tides had reached similar specific activities, which indicated them to ap- 
proach equilibrium rapidly; the same was true at 24 hours, indicating that 
the equilibrium is maintained. At 20 minutes, however, the higher spe- 
cific activities of the 5’-UMP and UDP-X, appear to be significant and 
may reflect a more rapid formation of these two compounds. Interpre- 
tations regarding the interrelationships among these uridine nucleotides 
must await more extensive data. For many purposes, these uridine nu- 
cleotides could be regarded as a single pool. 

Characterization of Uridine Phosphate Derivatives—In several other ex- 
periments, some of the chemical characteristics of the uridine compounds 
were investigated. It was first established that all of these peaks (except 
5’-UMP) liberated uridine diphosphate under mild conditions of hydrolysis 
such as are encountered in the removal of the formic acid ammonium form- 
ate mixtures in vacuum desiccators. This uridine diphosphate was identi- 
fied, after chromatography on the ammonium formate system, by ultra- 
violet light, by phosphate and ribose analyses, and by chromatographic 
comparison with authentic UDP.4 When these peaks were lyophilized to 
permit chromatography of the unchanged compound, it was found that 
one peak contained free UDP and one contained free UTP, as illustrated 
in Fig. 3 of Paper II (9). The identification of the UDP and UTP is re. 
ported in Paper IIT (10). 

Each of the other three uridine compounds (UDP-X,, UDP-X2, and 
UDP-X3) contained a carbohydrate linked to the uridine diphosphate. 
When these compounds were hydrolyzed with 0.01 N HC! at 100° for 5 min- 
utes (17), reducing substances were liberated (20). These reducing sub- 
stances were examined by specific color tests and paper chromatography." 

After hydrolysis by 0.01 n HCl, UDP-X, responded to the analysis for 
N-acetylglucosamine (21). The compound contained equivalent molar 
amounts of uridine monophosphate, acid-labile phosphate, and apparent 
‘N-acetylglucosamine.” The compound did not react to a significant ex- 
tent with the anthrone reagent or the dinitrofluorobenzene reagent for free 
amino groups” or in Elson and Morgan’s test for glucosamine (22). It 
contained 1 equivalent of reducing substance (20) and reacted like 5’-UMP 
in the orcinol test. On two different paper chromatographic systems, phe- 


11 The authors gratefully acknowledge the skilled assistance of Anne F. Brumm 
for many of the data to follow. 

12 We are grateful to Dr. Jack L. Strominger for supplying the details of a more 
quantitative analysis for the N-acetylglucosamine and for free amino groups. Puri- 
fied N-acetylglucosamine was used as standard for the analysis of UDP-X;. About 
0.8 equivalent of apparent reducing substance was obtained (20). Dr. Strominger 
(personal communication) has found that hen oviduct contains a number of deriva- 
tives of UDP N-acetylamino sugar and that rabbit liver also contains a UDP N- 
acetylamino sugar. 
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nol saturated with H.O (see Leloir (23)) and collidine-water (24) in an 
ammonia atmosphere, the liberated carbohydrate component had the same 
Ry as the standard N-acetylglucosamine. The spots were developed ac- 
cording to Partridge (24); no additional spots were apparent when aniline 
hydrogen phthalate was used in the developing procedure (25). Accord- 
ingly, this peak from rat liver appeared to contain uridine diphosphate 
N-acetylglucosamine, which has been reported by Cabib et al. to be present 
in yeast (26). 

On analysis of the UDP-X_2 peak equimolar amounts of uridine mono- 
phosphate, labile phosphate, and reducing substance were obtained. The 
latter reacted as 1 equivalent of carbohydrate when glucose was used as the 


TaBLeE IV 
Specific Activities of Derivatives of Uridine Phosphate at Several Time Points after 
Injection of Radioactive Orotic Acid 
The PCA extracts of rat liver were chromatographed, and the specific activity of 
the UMP derived from each radioactive peak was determined after hydrolysis and 
rechromatography. See the text. 


Specific activity, c.p.m. per um uridine 
Compound Time after injection 
4 hr. 1 hr. 24 hrs. 
+ | 26, 400 20, 400 13,500 


standard for the anthrone analysis (27). The compound did not react in 
the analysis for N-acetylglucosamine, glucosamine, free amino groups, or 
uronic acids (28). In the orcinol analysis, a brown color characteristic of 
hexoses was obtained in addition to the pentose reaction that is given by 5’- 
UMP. In the analysis for uronic acids, a color was obtained which had a 
spectrum intermediate between those given by glucose and galactose. On 
paper chromatograms, with the two solvent systems, phenol saturated with 
water (29) and butanol-acetic acid-H,O (30), the liberated carbohydrate 
migrated to a position which partly included the positions of known glucose 
and galactose. On a third system, collidine-H2,O (22), the elongated spot 
from UDP-X, appeared identical with a spot containing a mixture of known 
glucose and galactose and intermediate between known glucose and galac- 
tose run separately. These samples were treated identically before chroma- 
tography. <A trace of highly radioactive glucose had been added to both 
the UDP-X, and the known mixture; the resulting distribution of radio- 
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activity was also identical in both spots. It appears likely that this com- 
pound is the same as the coenzyme uridine diphosphate glucose (UDPG) 
(containing a mixture of glucose and galactose) isolated by Leloir from 
yeast and indicated to be present in animal tissues (23). 

The compound UDP-X; appeared to contain a uronic acid. The com- 
pound contained equimolar amounts of uridine monophosphate, labile phos- 
phate, and uronic acid (when glucuronic acid was used as the standard in 
the Dische analysis (28)). The spectrum of the color produced in this 
test was identical with that given by glucuronic acid. About 0.2 equiva- 
lent of reducing substance was liberated on hydrolysis. In the orcinol 
test, an apparent analysis for an additional 0.5 equivalent mole of ribose was 
obtained; glucuronic acid behaved in the orcinol test in a similar way. Pa- 
per chromatograms of the hydrolyzed compound did not provide conclu- 
sive evidence for or against the presence of glucuronic acid. It seems likely 
that this compound is related to the coenzyme reported by Dutton and 
Storey (31). 

In all work in which these three fractions were labeled after the injection 
of radioactive orotic acid, the specific activities were reported in terms of 
the uracil content. 


DISCUSSION 


The primary objective of this paper is to report the major acid-soluble 
metabolites of orotic acid which are formed in rat liver in vivo. In addition, 
the experimental evidence which relates these metabolites to the biosynthe- 
sis of nucleic acid pyrimidines is described. The chemical characterization 
of the metabolites, some of which appear to be of interest as coenzymes 
(17, 23, 26, 31), is also presented. 

The data indicate that when small doses of orotic acid were injected 
into rats about one-third was immediately excreted unchanged and un- 
diluted by the kidney and about one-third was immediately taken up by 
the liver. Since no further excretion of radioactivity into the urine oc- 
curred after 1 to 2 hours, and since no radioactive orotic acid was present 
in liver after 30 minutes, it would appear that the injected orotic acid did 
not encounter any detectable metabolic pools of orotic acid in the liver and 
blood at least." 

The orotic acid taken up by the liver was converted quantitatively to 
other compounds soluble in cold TCA or PCA. Most of the radioactivity 
from orotic acid was found in uridine-5’-phosphate and several deriva- 


13 However, the presence of orotic acid as an intermediate of transient existence 
in the liver cannot be excluded, since Reichard (32) reported incorporation of N' 
from ammonia into orotic acid added to slices of regenerating liver. He also found 
that the presence of added non-labeled orotic acid produced a dilution effect on the 
incorporation of N!* from ammonia into the pyrimidines of RNA. 
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tives of this compound within 20 minutes after the injection into the peri- 
toneal cavity. The specific activities of these uridine compounds were 
similar, indicating that synthesis and equilibration of each are rapid. How- 
ever, characteristic differences in specific activity were noted which may 
provide the basis for further study of their interrelationships and the se- 
quence of their formation from orotic acid. 

About 10 per cent of the radioactivity from the orotic acid was found in 
the “effluent sample” from the Dowex 1 (formate) chromatograms. This 
fraction has not been further identified; it might be of interest in the search 
for metabolic intermediates between the orotic acid and the uridine phos- 
phate. A small amount of the radioactivity was also found in the region 
of the chromatograms usually occupied by cytidine-5’-phosphate; in two 
instances, the 5’-CMP was isolated and found to have specific activities 
lower than, but comparable to, those of the uridine components, although 
only small amounts were present (9). 

It is of interest that no major shifts in the relative distribution of radio- 
activity among these subfractions of the acid-soluble fraction occurred 
after the first few hours (Fig. 1), even though the total radioactivity of the 
fraction diminished concomitantly with the increase of C“ in the RNA of 
the liver and the loss of C™ as respiratory CO: (3). It does appear that the 
relative proportion of C™ in the “sample effluent” and “CMP” fractions 
increased somewhat during 2 to 8 hours after the injection; however, this 
observation has not been tested by use of the improved chromatographic 
techniques. It appears then that the uridine phosphates behave essen- 
tially as a single pool (at least with regard to their uracil moiety) and that 
the unidentified components of the acid-soluble fraction maintain a fairly 
constant relationship to this pool. 

The fact that the radioactivity from orotic acid is almost entirely in the 
uridine phosphate pool initially and in the RNA pool at the end of the 
period studied, plus the fact that both pools contain the pyrimidine moiety, 
provides good presumptive evidence that the acid-soluble uridine nucleo- 
tides are the precursors of the ribonucleic acid uracil in the liver... Such an 
interpretation may need to be qualified, depending upon the nature of the 


14 The highly specific nature of orotic acid as a precursor for pyrimidines permitted 
the fractionation of the acid-soluble extract in terms of radioactivity, and this in 
turn led to the finding of fairly few metabolic pools of uridine nucleotides. With 
less specific precursors (glycine, formate, or glucose) such studies in terms of un- 
known radioactive metabolites would have been more difficult because of the un- 
doubtedly large numbers of compounds that become labeled. However, these studies 
(7, 8) are now somewhat more feasible in terms of improved chromatographic pro- 
cedures which are known to separate most of the nucleotides of the acid-soluble ex- 
tract (9), but they are complicated to the extent that the precursors enter compounds 
other than the nucleotides. 
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radioactivity which has not been completely accounted for in the rest of 
the carcass and the amount of exchange of radioactivity between the liver 
and other tissues. It would appear that very little exchange occurs since 
no tendency for equilibration of nucleic acid specific activities among sev- 
eral tissues (including a rapidly growing tumor) was noted (3). 

In addition to serving as a general source of the RNA uracil of the total 
liver, the uridine phosphate pool also appears to provide a relatively direct 
precursor of the uracil in the RNA of the liver cell nucleus.'® Since the 
nuclear RNA fraction (as prepared in citric acid) reached a specific ac- 
tivity about one-half that of the acid-soluble uridines within 2 hours and 
maintained this proportion over subsequent periods (Fig. 3), it is apparent 
that the acid-soluble and acid-insoluble uridylic acids are closely related in 
metabolic sequence. It might be expected, however, that if the two pools 
were in true equilibrium they would both have the same specific activity, 
or that if the conversion of the acid-soluble pool to the nucleic acid pool 
proceeded mainly in the one direction (such as if the RNA were further me- 
tabolized) the specific activity of the latter would approach and exceed that 
of the former. Both such situations would be influenced by heterogeneity 
of the nuclear RNA, either of extra- or intranuclear origin. These con- 
siderations do not alter the observation that the specific activity of the 
nuclear RNA uracil is closely dependent upon the specific activity of the 
acid-soluble uridine phosphates, while that of the RNA of other cell frac- 
tions is not. 

With regard to the failure of the cytoplasmic RNA to equilibrate di- 
rectly with the acid-soluble uridine phosphates (Fig. 4), one may postulate 
either that the cytoplasmic particles do not have the functional need to 
renew their RNA rapidly, or that an intermediate step is required in the 
conversion of the acid-soluble uracil moiety to RNA uracil. Such an 
intermediate is not immediately obvious in the acid-soluble fraction; the 
mediation of the nuclear RNA is possible (3, 35). 

Two points upon which the data touched inconclusively, but which may 
be further investigated, are the formation of cytosine and the oxidation of 
the pyrimidine ring. With regard to the former, it appears that, although 
the pool of cytidine phosphates in the acid-soluble fraction is very small as 
compared with the uridine phosphate pool (9, 10), their specific activity 
was nevertheless of the same order of magnitude as that of the uridine phos- 
phates. This fact indicates that the acid-soluble cytidine phosphates are 
also formed from the acid-soluble derivatives of orotic acid and poses the 
question of the mechanism of these conversions and the formation of the 


15 This hypothesis appears to be true for the liver of the rat, but it requires further 
testing in other tissues and organisms. Strominger (33) has evidence for the media- 
tion of uridine nucleotides in the formation of RNA in Staphylococcus aureus (see also 
the studies by Park (34)). 
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RNA cytidylic acid. With regard to the catabolic pathways, it is apparent 
that orotic acid is not oxidized directly (3), but it is not apparent whether 
the uridine phosphates, or the RNA itself, or even the extrahepatic tissues 
are the major sources of the radioactive CO:. Testing of such points in 
vitro should be feasible.'® 

It is believed that knowledge of the uridine phosphate pool as a precur- 
sor of RNA uridyliec acid'® will prove useful in the study of nucleic acid bio- 
synthesis in the following respects: (a) In the determination of more ac- 
curate “turnover rates’ of RNA, by the use of orotic acid or other pyrimi- 
dine precursors, such as NHs3, ureidosuccinic acid, nucleosides, etc., the 
pool may be analyzed to provide ‘immediate precursor” data (36); (b) 
the uridine phosphates may be used as analytical end-points to indicate 
incorporation of isotopic pyrimidine precursors into RNA in experiments 
in which the actual accumulation of isotope into the RNA is small as in 
studies in vitro or of short duration (see the experiments by LePage in which 
glycine radioactivity was found in acid-soluble purine derivatives in vitro 
(37)); (c) the compound uridine monophosphate itself may be used as a 
specific isotopic precursor (38-40) with relatively few other pathways. It 
is possible that the ribose and even the phosphate moieties of the UMP 
may also be found to be specific precursors, thus providing data more 
simple to interpret than do such general precursors as inorganic phosphate 
and glucose, for example. 

It is also believed that knowledge of the derivatives of the uridine mono- 
phosphate in rat tissues and the methods for their isolation will prove use- 
ful in the study of high energy phosphate reactions and carbohydrate 
metabolism. Leloir (23) has established the function of UDPG as the co- 
enzyme for the interconversion of glucose and galactose and has discussed 
the possible relationship of UDP N-acetylglucosamine to the biosynthesis 
of mucoproteins. Dutton and Storey have demonstrated that a coenzyme, 
which is probably UDP glucuronic acid, is involved in the glucuronide con- 
jugation (31), while Buchanan et al. have implicated uridine derivatives in 
photosynthetic metabolism (41). 


SUMMARY 


The conversion of orotic acid (uracil-6-carboxylic acid-4-C"“) to RNA in 
rat liver in vivo has been studied in more detail. The major radioactive 
components of cold perchloric acid extracts of the liver have been isolated 
by anion exchange chromatography and characterized. 

The data presented provide evidence that the pyrimidine ring of orotic 


'6 Preliminary experiments have indicated that fortified rat liver homogenates are 
capable of converting orotic acid to the uridine phosphates (provided high energy 
phosphate is maintained), but that very little incorporation into RNA or conversion 
to CO: occurs. 
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acid is rapidly utilized in the formation of uridine-5’-phosphate and its 
several derivatives, that these uridine phosphates are normal constituents 
of rat liver, and that the uridine phosphates are rapidly interconverted in 
vivo. The radioactivity relationships between the uridine phosphates and 
the RNA of the liver were studied at a number of time points after injection 
of the orotic acid. On the basis of these data it is suggested here that the 
uridine phosphate pool provides an immediate metabolic precursor of the 
uracil of the nuclear RNA and is a major, although possibly indirect, source 
of the pyrimidines of the cytoplasmic RNA. The potential utility of these 
uridine phosphates in the study of nucleic acid biosynthesis is discussed. 

Isolation and characterization of the components of the uridine phos- 
phate pool indicated that, in addition to the free 5’-mono-, di-, and triphos- 
phates of uridine, three derivatives of uridine diphosphate occur which 
appear to contain N-acetylglucosamine, glucose and galactose, and uronic 
acid, respectively. The possible identity of these compounds with the UDP 
N-acetylglucosamine and the UDPG isolated by Leloir and coworkers and 
with the UDP glucuronic acid coenzyme studied by Dutton and Storey is 
discussed. 
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NUCLEOTIDE METABOLISM 


II. CHROMATOGRAPHIC SEPARATION OF ACID-SOLUBLE 
NUCLEOTIDES* 


By ROBERT B. HURLBERT,+ HANNS SCHMITZ,{ ANNE F. BRUMM, 
AND VAN R. POTTER 


(From the McArdle Memorial Laboratory, Medical School, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, October 12, 1953) 


The principles of anion exchange chromatography, which were described 
by Cohn (1, 2) for the separation of the nucleotides of the nucleic acids, 
have been applied in the present studies to the examination of possible pre- 
cursors of nucleic acids in protein-free filtrates of animal tissues. In order 
to obtain systematic and uninterrupted elution of the large number of un- 
known components, an apparatus which smoothly increases the concen- 
tration of the eluent in a reproducible manner has been devised (3). The 
principles and advantages of this gradient elution have been discussed by 
Tiselius (4). Chromatography of the acid-soluble fraction, by elution of 
Dowex 1 (formate) resin columns over a range of concentrations of formic 
acid, has been reported by Busch et al. (5-7), who have separated and de- 
termined the acids of the Krebs citric acid cycle, and by Hurlbert who has 
isolated the uridine monophosphate formed during the metabolism of oro- 
tic acid (8). During the further study of several derivatives of uridine 
phosphate, which were also found in the acid-soluble fraction (9, 10), the 
chromatographic separations have been extended and improved by addition 
of several ranges of concentrations of ammonium formate in the formic 
acid (Type I) system.’ Final purification of the nucleotide components 
is achieved by further chromatography of individual peaks from the first 
system on a second system, in which the eluents are ammonium formate 
buffers (Type II system).! Schmitz et al. have applied the methods during 


* This work was supported in part by a grant (No. C-646) from the National Can- 
cer Institute, National Institutes of Health, United States Public Health Service, 
and in part by an institutional grant (No. 71) from the American Cancer Society. 

Abbreviations as follows: PCA, perchloric acid; RNA, ribonucleic acid; DNA, 
desoxyribonucleic acid; MP, monophosphate; DP, diphosphate; TP, triphosphate; 
A, adenosine; G, guanosine; C, cytidine; U, uridine; TPN, triphosphopyridine nu- 
cleotide; DPN, diphosphopyridine nucleotide. 

t Present address, Kemiska Institutionen, Karolinska Institutet, Stockholm. 

t Present address, Institut fiir experimentelle Krebsforschung der Universitat, 
Heidelberg. 

1 Preliminary studies on the elution by mixtures of formic acid and ammonium 
formate were carried out in this laboratory by Dr. H. Busch. 
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the characterization of the series of 5’-mono-, di-, and triphosphate deriva- 
tives of cytidine, guanosine, and uridine in the tissue extracts (11) and have 
studied the incorporation of glucose-1-C" into these nucleotides (12, 13), 
Edmonds and LePage (14) have included these methods in their study of 
the nucleic acid and acid-soluble purines which become labeled by glycine- 
2-C%, 

In this paper the chromatographic methods and their standardization 
with known compounds are described. In addition, an example of the ap- 
plication of the methods for the examination of the acid-soluble fraction of 
rat liver is presented. The partial characterization of some adenosine poly. 
phosphates and other unrecognized nucleotides is also discussed. 


Methods 


Preparation of Acid-Soluble Fraction—The rat tissues are quickly excised, 
frozen in liquid air, and powdered with a steel mortar and pestle (15). The 
powdered tissue is broken up thoroughly in a loosely fitting Potter-Elve- 
hjem type homogenizer (16) with 2 volumes of cold 0.6 N PCA. The pre- 
cipitated protein is centrifuged and extracted again with 2 volumes of cold 
0.2 Nn PCA. The combined supernatant fluids, in an ice bath, are carefully 
neutralized to pH 6 to 7 by addition of 5 N KOH with phenol red as internal 
indicator. The KC1Q,, a slightly soluble salt, is precipitated as completely 


as possible by chilling the solution until it is nearly frozen, the precipitate | 


is centrifuged in the cold, and the supernatant fluid is filtered. A large ali- 
quot of the solution is taken for chromatography,’ and small aliquots are 
retained for other analyses (e.g., radioactivity). 

Preparation of Columns—The resin used is obtained as Dowex 1 (chlor- 
ide), X-10, 200 to 400 mesh.* The extremes of. fine and coarse particles 
are removed by sedimentation. In order to prepare the formate form, large 
-columns of the resin are washed with 3 m sodium formate until no more 
chloride ion is removed, and then with water. 

A resin column for chromatography is supported in a glass tube by a con- 
striction on which rests a disk of sintered glass covered with glass wool or 
a crimped disk of heavy filter pad. The resin is poured as a thin aqueous 
slurry and packed with low air pressure in a number of uniform 2 cm. sec- 
tions (17). Another crimped disk is placed on top of the column. The 


2 Since the extraction of the tissue is about 90 per cent complete at this stage, it is 
not usually repeated in order not to increase the volume of the extract and thereby 
to increase the amount of perchlorate anion which could interfere later with the chro- 
matography. The phenol red is retained tightly by the column, even during elution. 
Thus far, no serious coprecipitation effects have been noted in the removal of per- 
chlorate. 

3 The Dow Chemical Company, Midland, Michigan. 
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column is washed before use with 5 to 10 bed volumes of a mixture of 6 N 
formic acid and 1 m sodium formate, then with several bed volumes of 88 
per cent formic acid, and then with water until the effluent is no longer 
acidic. The wash with concentrated formic acid removes considerable 
colored material from the resin and reduces the ultraviolet light absorption 
background of the chromatogram. The swelling and shrinking of the resin 
during this washing do not adversely affect the chromatographic resolution 
and may be of advantage. Columns that have been used for the chroma- 
tography of known substances are often reused after this washing procedure. 

A sample is put into the column at the rate of 0.6 ml. per minute per sq. 
em. cross-section and rinsed into the column with about 1 bed volume of 
water.4 (Care must be taken not to blow the column dry.) The initial 
effluent from the washing is collected for analysis or further chromatog- 
raphy. Before chromatography the column is usually washed with several 
more bed volumes of water to remove lightly adsorbed compounds; this 
effluent is examined separately and may be collected advantageously in 
fractions. 

Elution—The apparatus for gradient elution consists of a reservoir (2 
liter suction flask), a mixing flask (round bottom with magnetic stirrer), and 
the glass tube containing the resin column, all joined by tubing in an air- 
tight system. Air pressure, applied to the side arm of the reservoir, is used 
to force the concentrated eluent through a glass outlet tube (A) into the 
side arm of the mixing flask, where the solution from the mixing flask is 
simultaneously forced through a glass outlet tube (B) into the resin column. 
Tube A extends to the bottom of the reservoir through a rubber stopper 
and is fitted to the mixing flask by a ground glass joint. Tube B extends 
to the center of the mixing flask through a rubber stopper or a ground 
glass joint and is fitted to the column tube by a ground glass joint. Well 
washed Tygon tubing may be included in the outlet tubes to provide flexi- 
bility. The enclosed air spaces between the reservoir and the mixer and 
between the mixer and the column are kept small to minimize pressure lags. 
The ground glass joints are greased lightly, and all joints are kept closed by 
springs to prevent air leakage. 

The resin column is protected from being forced dry by addition of 10 
ml. of water, which also has the effect of a second ‘‘mixer.”’ The elution 
is begun with water in the mixing flask and the concentrated eluent in the 
reservoir. The concentration of the eluent rises smoothly and asymptot- 


‘The volume of the sample is apparently not critical, provided that increasing the 
volume does not increase the amount of undesired salt. Since the capacity of the 
column is about 1.2 m.eq. per ml., addition of anions, such as Cl-, SQ,7, and 
ClO,- which are strongly retained, probably shortens the effective length of the col- 
umn by this equivalent amount. 
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ically approaches that of the reservoir solution.’ Successive ranges of 
eluting power are obtained by substituting a more concentrated solution 
for the eluent in the reservoir. The mixer is not changed, and so the resin 
is not subjected to a sudden change in the concentration of the eluent. 

The rate of flow of the eluent through the column is regulated by air 
pressure up to several pounds per sq. in. to give about 0.6 ml. of eluent. per 
minute per sq. em. of cross-section of the column. The eluate is collected 
via an automatic fraction collector with a drop-counting mechanism. ® 

The concentration ranges and other special conditions employed in the 
formic acid system and in the ammonium formate system are described 
under “Results.” 

Analysis and Rechromatography—tThe optical density of the fractions of 
the chromatograms is read at 260 and 275 mu in a Beckman model DU 
spectrophotometer in 1 cm. quartz cells, with H2O as the blank. Trans- 
fers are made with a fine tipped pipette provided with a rubber bulb. The 
fractions are read in successive order to minimize contamination of one peak 
with another. The readings at 275 my assist in interpretation of the 
chromatograms since the approximate ratios of the readings, F275: Fo, are 
characteristic of the various nucleotides: uridine 0.6, adenosine 0.4, guano- 
sine 0.75, and cytidine 1 to 2 under these conditions. The exact ratios are 
obtainable from Table I in Paper III (11). 

For analysis or for further chromatography, appropriate fractions of a 
peak are pooled and the eluents are removed. Usually the samples are 
dried at room temperature in vacuo to avoid hydrolysis of labile compounds. 
For large samples or samples containing much ammonium formate, the 
conventional lyophilization procedure is used, in which the sample is frozen 
thinly and evenly on the inside of a round bottom flask, evacuated to about 
1 mm. of Hg by a mechanical oil pump, and the eluents are sublimed into 
_ an acetone-dry ice trap. In other cases, it has been found convenient and 


5 The rise in concentration of eluent may be calculated as described by Cherkin 
et al. (18) or by a convenient form of the equation (2), concentration of eluent = 
reservoir concentration  (antilog X/2.3V) — 1/(antilog X/2.3V), where X/V = 
(volume of the eluent passed through the column)/(volume of solution in the mixing 
flask). The term in the first parentheses may be calculated for a number of ratios of 
X/V. The eluent concentration may be controlled by the size of the mixer and the 
reservoir concentration in consideration of the amount of resin used and the elution 
range desired. 

6 The air pressure valve was obtained from the Moore Products Company, H and 
Lycoming Streets, Philadelphia 24, and the fraction collector from the Technicon 
Chromatography Corporation, 215 East 149th Street, New York 51. The air line con- 
tains a solenoid valve obtained from the Alco Valve Company, St. Louis, Missouri, 
which is wired into the Technicon circuit so that both the air pressure and the Tech- 
nicon turn on and off at the same time. This feature is an important safeguard when 
there may be an interruption of current during night operation. 
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satisfactory to freeze the samples to a thickness of 1 cm. or less in the bot- 
tom of Erlenmeyer flasks and to lyophilize a number of such samples simul- 
taneously from a Pyrex 25 cm. (internal diameter) desiccator. Lids with 
32 mm. “rubber stopper” openings, rather than ground glass vaives, are 
used to permit the desiccator to be connected to the acetone-dry ice trap 
through tubing of at least 2 cm. diameter. In either case, infra-red lamps 
have been used cautiously in the later stages of the process. The process 
can be hastened with special glassware in which the distance between warm 
and cold surfaces is reduced to about 1 em. 

With samples for which hydrolysis is not a matter of concern, the eluents 
are removed in closed vacuum desiccators at 1 to 20 mm. of Hg over a 2:1 
or 3:1 mixture of technical NaOQH-CaCl, (5). It is convenient to freeze 
or chill the sample before evacuation and during desiccation to warm the 
desiccator to 40-50° by use of infra-red lamps. Removal of the ammonium 
formate is assisted by placing the lamp in such a way that the salt can sub- 
lime from the warmed sample to a cooler part of the desiccator. If the 
desiccant becomes too moist or too hot, NHyCl may sublime back into the 
sample. If the CaCl. is omitted, the desiccator may become filled with 
ammonia fumes. 

When the samples are to be rechromatographed, they are taken up in 
sufficient water to rinse the vessel thoroughly and neutralized to approxi- 
mately pH 6. ‘The samples are not made alkaline since the pyrophosphate 
linkages are labile to alkali. When the samples are to be analyzed, they 
are dissolved in water to give a concentration suitable for the analytical 
methods. (A convenient concentration is 0.5 um per ml.; suitable aliquots 
for the analyses below are given.) 

Analytical Methods. Ultraviolet Light—For routine work, the optical den- 
sity of a known volume of a suitable dilution (0.20 ml. diluted with 2.00 ml.) 
of the solution is read in 0.1 N HCl at pH 1 to 2 in a 1.00 cm. quartz cuvette 
in a Beckman model DU spectrophotometer at 230, 245, 260, 275, and 
290 my, as well as at the wave-lengths of maximal and minimal reading. 
The solution is made at least pH 11 by the addition of a known volume of 
1n NaOH and mixed, and the spectrum readings are repeated after a few 
minutes have been allowed for the readings in alkali to stabilize. Suitable 
HCl and NaOH blanks are used. These values permit adequate routine 
spectral characterization of the nucleotides; for convenience in this regard, 
all of the readings are expressed as fractions of the reading at the maximal 
wave-length in acid. The alkaline readings (corrected for volume dilution) 
are also expressed relative to the maximum in acid, since characteristic 
shifts in spectrum may be easily visualized. For more complete spectra, 
additional wave-lengths are read. 

The millimolar extinction values which have been used for calculation 
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of the concentrations are expressed as optical density (#) values per micro- 
mole per ml. at the wave-length of maximal absorption at pH 1 to 2 and§ ( 
are as follows: uridine, 9.9 at 260 my; cytidine, 13.7 at 278 my; adenosine} r: 
14.1 at 258 my; and guanosine, 13.3 at 256 mp. These constants have beenf ft 
determined by ultraviolet light and phosphorus analyses on known com-f n 
pounds purified by chromatography. Further data on the spectra are givenf t 
in Paper III (11). c 

Phosphate—Inorganic phosphate was determined by the Fiske-Subba-f c¢ 
row method (19) adapted to the use of 3.0 ml. reaction volumes (25) ¢ 
ml. of aqueous sample, 0.10 ml. of 18 N H2SQ,, 0.30 ml. of 2.5 per cent am- 
monium molybdate, and 0.10 ml. of reducer). The color was read be. 
tween 10 and 20 minutes after mixing at 660 my on the Beckmant 
spectrophotometer. For labile phosphate (0.40 ml. aliquots) the above 
procedure was followed after heating the sample in a volume of 1.8 ml. con- 
taining 0.1 ml. of 18 N H,SO, for 15 minutes in a boiling water bath. For ( 
total phosphate, the sample (0.20 ml. aliquots) was digested at 130-160°F - 
with the H2SOu,, followed by 1 drop of HNOs, and then treated as for labile 
phosphate. 

Ribose—To the sample (0.20 ml. aliquot) in 1.00 ml. of water were added * 
2.00 ml. of freshly prepared reagent containing 0.4 per cent orcinol in 12x/ ” 
HCl-0.04 per cent FeCl; (20). The tubes were mixed, capped, heated for 
15 minutes in a boiling water bath, and cooled, and the optical density was | 
read at 660 my. In the qualitative determination of slowly hydrolyzable ; 
ribose, the same tubes were heated longer and were cooled and reread at 
intervals. No corrections have been made for volume changes or for fad- 
ing of the color once formed (about 13 per cent per hour). Standardiza- 
tion of the analysis against pure ribose, adenosine-2’(3’)-phosphate and ad- 
enosine-5-PO, gave the following relative values for optical density (£) per ' 

. micromole per tube: ribose 10, 3’-AMP 10, 5’-AMP 12 (21). The analy- 
ses reported in these three papers have been calculated on the basis of 5’- 
AMP as the standard, although ribose was usually employed in the actual f  , 
determination. This method gives a higher color yield than the standard | ° 
method (Mejbaum (22) and LePage (23)), and the maximal color develop-} 
ment with ribose occurs between 5 and 10 minutes. The values for E per} , 
micromole have deviated from the mean less than 5 per cent, and this figure 
was obtained only at the extremes of a range of EF readings from 0.1 to 1.0. 


Results 


Standardization of Chromatograms—Standard chromatographic systems |} ' 
were used as much as possible in order to assist in correlation of the behavior | | 
of known and unknown compounds. These systems will be described here |, 
to serve as references, although a large amount of work was done on modi- J; 
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Formic Acid System—Dowex 1 (formate) in a 12 cm. X 1 cm. column 
(9.4 ml. resin bed) and a 250 ml. mixing volume are used. The four elution 
ranges, which approach 4 n formic acid, 0.2 Mm ammonium formate in 4 N 
formic acid, 0.4 M ammonium formate in 4 N formic acid, and 0.8 mM am- 
monium formate in 4 Nn formic acid, are obtained by changing the reservoir 
to contain these solutions at Tubes 0, 80, 160, and 200 respectively. The 
contents of the mixing flask are not changed. 100 drops per fraction are 
collected (about 5 ml. at first, decreasing to 4 ml. as the formic acid con- 
centration rises) at a rate of 0.4 ml. per minute. The approximate total 


TABLE I 
Concentration of Eluents at Specified Points in Formic Acid System and Ammonium 
Formate System 
The concentrations of eluent are changed continuously by means of a mixer 
system as specified in Fig. 1 and are calculated by means of the equation given 
(see the text and foot-note 5). 


Formic acid system Ammonium formate system 

Tube No. 

Eluent HCOOH Eluent 

ml. M M ml. M 

10 50 0.74 50 0.10 
20 95 1.25 100 0.18 
40 175 2.0 200 0.33 
60 250 2.5 300 0.45 
80 320 2.9 400 0.55 
100 390 3.2 0.05 500 0.63 
120 465 3.4 0.09 600 0.88 
160 610 3.6 0.14 800 1.26 
200 750 3.8 0.25 1000 1.50 
250 925 3.9 0.50 1250 1.70 


eluate volumes and the calculated concentrations of eluent are shown in 
Table I. The E26. background of this system (due to the formic acid) 
rises to about 0.2, or less. A column of this size will handle 70 ml. of PCA 
extract from 15 gm. of liver satisfactorily. 

Ammonium Formate System—A 20 cm. X 1 cm. column (15.5 ml. resin 
bed) and a 500 ml. mixing volume are used. The three elution ranges ap- 
proach 1 M ammonium formate, 2 M ammonium formate, and 2 M ammon- 
ium formate containing 0.75 m formic acid. The reservoir is changed at 
Tubes 0, 100, and 200 respectively. The ammonium formate buffer (used 
both here and in the formic acid system) is an approximately equimolar 
mixture of formic acid and ammonium hydroxide at pH 4.9 to 5.1; the 
ammonium formaté-formic acid mixture is about pH 4. The lower pH has 
been found to sharpen peaks eluted in this range. 100 drops per fraction 
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are collected (about 5 ml.) at a rate of 0.4 ml. per minute. The E269 back- 
ground of this system is less than 0.05. Further details are given in Table I, 

Chromatography of Known Compounds by Both Systems—Fig. 1 correlates 
the chromatographic behavior of a number of previously known com. 
pounds. The shape and position of the peaks containing the 2’- and 3’- 
mononucleotides of uracil, cytosine, adenine, and guanine are representa- 


GTP UTP 
N 
(50, 1 T T 
ANT O.2N AM-F OBM 
33,23 33 3 AMMONIUM FORMATE SYSTEM 

60 P [ 
\ 


CU, A. G UP 


ADP ATP 


E scope CTP UTP GOP GTP 
260 
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Fic. 1. Standardization of chromatographic systems with known compounds. 
The chromatography on Dowex 1 (formate) of the 2’-, 3’-, and 5’-monophosphatides 
of cytidine (C), adenosine (A), guanosine (G), and uridine (U), as well as of adeno- 
sine-5’ -diphosphates and triphosphates (ADP and ATP) and uridine-5’ -diphosphates 
(UDP), is shown. In addition, the positions of orthophosphate (P), orotic acid ° 
.(OR), and a number of recently identified di- and triphosphates (CDP, CTP, UTP, 
GDP, and GTP) are shown. See the text for details. « 


tive of chromatograms of nucleic acid hydrolysates. The nucleotides were 
obtained by hydrolysis of RNA in 0.1 N NaOH at 38° for 20 hours (24). 
The shape and position of the 5’-mononucleotide peaks are representative 
of chromatograms of RNA hydrolyzed by diesterase (2).’ 

These positions of the 2’- and 3’-mononucleotides have been obtained on 
several occasions by use of individual commerical preparations. The posi- 
tions of the 5’-nucleotides have been determined by use of uridine-5’-phos- 


7 The nucleosides which were also produced were previously eluted and partially 
separated by the preliminary water wash of the column. We are grateful to Dr. 
Kivie Moldave and Dr. Charles Heidelberger for providing us with these data. 
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phate,’ cytidine- and guanosine-5’-phosphates,’ and commercial adenosine- 
5’-phosphate. 

The shape and position of the peaks of ADP,'® ATP,!® and UDP® were 
determined by chromatography of mixtures of all three compounds, with 
the corresponding mononucleotides as reference points. For reference, the 
positions of orthophosphate and orotic acid are noted, as well as the posi- 
tions of cytidine-5’-diphosphate and triphosphate (CDP and CTP), guano- 
sine-5’-diphosphate and triphosphate (GDP and GTP), and uridine-5’-tri- 
phosphate (UTP) which have been isolated and identified from rat tissues 
by use of these procedures (11). 

The relative positions of the 2’-, 3’-, and 5’-nucleotides of each of the four 
bases have been determined directly on the ammonium formate system and 
areas shown. The relative positions of the 2’-, 3’-, and 5’-nucleotides of 
adenine and uracil have been determined directly on the formic acid system 
also. These determinations were facilitated by inclusion either of the 
2’(3’) isomers or of the 5’ isomer as a radioactive peak; such data form part 
of the evidence that the acid-soluble nucleotides are not the same as the 
2’(3’)-nucleotides formed by alkaline hydrolysis of RNA. The relative 
positions shown for the 2’-, 3’-, and 5’-nucleotides of cytosine and guanine 
on the formic acid system represent careful comparison of a number of 
chromatograms. It is seen that the procedure is suitable for separating the 
2'(3’) isomers from the 5’ isomer in all cases except the guanine nucleotides 
on the ammonium formate system, in which resolution is only partially 
achieved. 

Modifications—Extensive use has been made of a modification of each of 
the two systems. In the formic acid system, a 20 em. X 1 em. column 
(15.5 ml. resin bed) has been used with a 500 ml. mixing volume. The four 
elution ranges are obtained by changing the reservoir at approximately 
Tubes 0, 100, 200, and 300 respectively. Examples of the application of 
this modification are presented elsewhere (13). 

For routine rechromatography of the peaks from the formic acid chromat- 
ogram, the ammonium formate system has been scaled downward in capa- 
city. A 10cm. X 1 cm. column is used with a 250 ml. mixing volume; 
usually 5 ml. fractions are collected at the rate of 0.4 ml. per minute. Elu- 
tion by this system requires approximately one-half the time required for 
the standard ammonium formate column. Examples are given in this pa- 
per and elsewhere (11). Resolution is adequate, provided the sample re- 
chromatographed is not too heterogeneous. Such heterogeneity can arise 


§ Kindly provided by Dr. James Park. 
* Kindly provided by Dr. W. E. Cohn. 
10 Kindly provided by Dr. 8S. A. Morell of the Pabst Laboratories. 
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from selection of too wide a section from the formic acid chromatogram or 
because of improper lyophilization and the consequent breakdown of labile 
compounds. 


RS 


NO. 250 300 
> F-A+0.4M AM-F F-A+IM AM-F 
Fic. 2. Chromatography of the acid-soluble fraction of liver by the formic acid 
system. The chromatography of the extract of 75 gm. of rat liver on a 15 cm. X 
1.8 cm. column is shown. See the text for details. The optical density of the eluted 
fractions at 260 my is plotted for each chromatographic fraction; the upper scale 
shows the ratio of the optical density at 275 my to that at 260 my. The readings of 
the tubes which were too high to be plotted are DPN 27; AMP 31, 33; and ADP 6, 9, 
12, 15, 13, 9. The symbols UMP, UDP, etc., are analogous to those used in Fig. 1. 
DPN and TPN are the coenzymes, IMP is inosinic acid, the UDP-X compounds are 
carbohydrate derivatives of UDP described elsewhere (10), and Ad-X is a mixture of 
unidentified adenosine polyphosphates. The identity of the components of the peaks 
labeled was determined after separate rechromatography (Fig. 3) of Sections A to 
K and analysis of the separate nucleotides. 


Other elution ranges may be of value; for example, a preliminary range 
of 0 to 1 m formic acid gives greater resolution of the earlier peaks from 
tissue extracts on the formic acid system." 

Chromatography of Acid-Soluble Fraction of Liver—An example of the ap- 
plication of the method to the study of the acid-soluble nucleotides of liver 
is as follows: This was a preparative separation of the nucleotides from 


11 Dr. Mary Edmonds, personal communication. 
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260 ml. of PCA extract from 75 gm. of rat liver. For chromatography by 
the formic acid system (Fig. 2), a 15 cm. X 1.8 em. column (38 ml. resin 
bed) was used with a 500 ml. mixing volume. Fractions of 300 drops per 
tube (15 ml., decreasing to about 12 ml. at Tube 80) were collected. The 


64 AMP (OPN 24, 25,13) 
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Fic. 3. Rechromatography on the ammonium formate system of the sections from 
the formic acid chromatogram of Fig. 2. A 10 X 1 cm. column was used. See ‘‘Mod- 
ifications’”’ for details. The optical density at 260 my is shown for each fraction; 
values too high to be plotted are in parentheses. Identified compounds are labeled 
(see the symbols of Figs. 1 and 2); unidentified components are designated C-1, C-2, 
etc. 


four elution ranges were obtained by changing the reservoir at Tubes 0, 100, 
200, and 260, as shown in Fig. 2. 

In Fig. 2, the optical density at 260 my and the ratio of absorptions, 
Eo75: Eg0, are shown for the successive fractions. The more prominent 
peaks, which may be partially recognized by their characteristic ratios, were 
taken for rechromatography. The actual sections taken are labeled A to K. 
In Fig. 3 the rechromatography of each of these sections is shown, by use of 


| 
| 
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the 10 cm. ammonium formate system. The fractions were read accurately 
at 260 mp and 275 mu (although the data are presented only qualitatively 
in the interests of brevity) so that the peaks could be inspected for homogen- 
eity of spectrum. The only known compounds not resolved by the re- 
chromatography were the CTP and the UDP-X;; however, adequate analy- 
ses of the extremes of the peak were obtained. Although the ADP and 
ATP peaks were homogeneous with regard to spectrum, some tailing may 
be noted, which may indicate the presence of another compound in the 
latter parts of the peaks. Examples of complete plots of such rechromato- 
grams are given in Paper III (11). In Fig. 3, the numbers in parentheses 
refer to the reading at 260 my of the successive tubes in the peaks which 
were too large to be plotted. Estimation of the relative amounts of the 
various nucleotides is thus permitted, except in case of Section K, in which 
parts of the GTP and the UTP were lost during lyophilization. The peaks 
have been labeled, where identified, and otherwise have been numbered | 
to 4. 

Several of the sections shown here were actually rechromatographed in 
two or more parts to permit more accurate location of the components 
of a peak. For example, rechromatography of the individual Tubes 7 to 
12 of the formic acid chromatogram established the order of the compounds 
to be shown in Fig. 2. In a similar way, the positions of UDP-X,, UDP- 
X., and GDP were located, and the unknown compound J-3 was found 
in the latter portion of the ATP peak. 

A number of these peaks have been analyzed, on these and other chro- 
matograms. The identification of the AMP, GMP, UMP, and CMP and 
their di- and triphosphates is reported elsewhere (11), as is the character- 
ization of the UDP-X,, UDP-Xe, and UDP-X; (10). The presence of the 
known eompounds DPN, TPN, uric acid, and inosinic acid was also estab- 
lished by spectrum, phosphorus, and ribose analyses and by comparison 
with the chromatography of known compounds. The DPN and the TPN 
were also characterized by their spectrum shift in cyanide (25) and the TPN 
by its ability to act as coenzyme for glucose-6-phosphate dehydrogenase 
(26).” 

Some of the unknown peaks illustrated here have been analyzed, although 
it is recognized that they may not be completely homogeneous. The analy- 
ses in Table II will give some indication of their composition. Where the 
spectrum has been recognized, the analyses are reported “‘per micromole of 
base’”’ as determined by the ultraviolet light measurements. 


12 Mr. Allan H. Conney has employed these chromatographic methods for analysis 
and isolation of the pyridine nucleotides from the crude nucleotide fraction obtained 
during the preparation of TPN (27). We are grateful to him for his cooperation in 
the analysis of pyridine nucleotides from the rat tissues. 
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The compound D-1 would appear to be a uridine compound containing 


two stable phosphate groups. 


It was associated on the formic acid chromat- 


ogram with the UMP, and hence does not correspond in position with the 


TaBLeE II 
Analysis of Unidentified Compounds 


See the text on the analytical methods and the chromatography of the acid-solu- 


ble fraction of liver. 


G-1 


G-2 


pH 


Phosphate parent 
per mole e per 
base base 
Base 
275 | 290 
my | mp Total bile | min. | min. 
MM | uM | pM | uM 
0.58]1 .00/0.58/0.04 Uracil 
0.63/0.97|0.43/0.05 
0.68|1.08|0. 0.96 
__ 
os). 1.5310.95 0.88 
0.63|1 0-8 
0.660.909). 5110.15 
0.64/0.98|0.43/0.07 
0 .62|1 .0510.4310.05(7 -05/9-96 0.86 
uM uM uM 
0.76|0.97|0.44/0.08 
47/0. 0.23] 4.31 
0.61/1.00/0.58/0.12 
0.7311 .00/0.67/0.20 


uridine diphosphate reported by Cohn and Volkin (2). 


not hydrolyzed by snake venom 5’-nucleotidase (2, 28). 


The compound was 
Unfortunately, 


the uridines were not labeled in this experiment, and the isolation has not 
been repeated. 

A number of compounds were revealed which were clearly indicated to 
be adenosine compounds by their nee and ribose content. Two of 


|| 
= 
412) 
my) My my 
D-1 | H+  |261/230}1 .00/0.21/0.2 
OH- 
E-1 | H+  |257/230}1 .00/0.25/0.2 
OH- |260/230/1 .08/0.31/0.3 
J2 | H+ |257| 0.2 
-OH- |260] {1.04 0.2 
me Ht = (257; 0.2 
OH- |259| {1.05 0.2 
Ht 257) {1.00 0.: 
OH- (260) {1.06 0. 
G3| Ht [257] {1.00 0. 
OH- |260| {1.05 
C-3 | H+ 
OH— |260/2309 05/0.28/0.2 
C-4 | H+ 
OH- 
G-4| H+ [258 00 0.2 
OH- |260 07 0.2 
J-3 | H+ |257 00} 0.4 
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OH- |262 91 
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these, E-1 and J-2, were originally associated with the ADP and ATP peaks 
respectively, but were resolved on rechromatography. Both of these com- 
pounds reacted somewhat differently in the phosphorus analysis from the 
associated ADP or ATP. Another group of adenosine polyphosphates was 
obtained from the Ad-X peak (Section G) of the formic acid chromatogram. 
These compounds, G-1, G-2, and G-3, also appear to contain two or three 
phosphate groups. (The spectrum of G-2 from another extract of liver 
was more closely similar to adenosine than in this example.) The phos- 
phate was only slowly hydrolyzed under the conditions of the analysis for 
labile phosphate and also was only slowly removed by the 5’-nucleotidase, 
The evidence is compatible with the hypothesis that these compounds are 
derivatives of adenosine substituted in two positions by phosphate. Some 
non-nucleotide material appears to be associated with the Ad-X peak. 

In other peaks the spectrum has not been recognized; hence, the analyses 
are reported “per ml.” C-3 and C-4 may contain purine compounds, 
judging by the maximal development of the ribose color in 15 minutes. J-3 
may contain a purine compound for the same reason and appears to repre- 
sent a triphosphate compound with one pyrophosphate group. K-1 may 
contain a pyrimidine, judging by the slow hydrolysis of the pentose linkage, 
and apparently also contains a pyrophosphate. 


DISCUSSION 


The original methods for separating nucleotides by anion exchange | 


chromatography were described by Cohn (1) in terms of the known rela- 
tions between the net negative charge per molecule and the pH of the eluent. 

It is of interest to compare the methods presented here with those of 
Cohn, since the purposes intended, and hence the techniques adopted, are 
somewhat different. The acid-soluble fraction of tissues contains such a 
‘complex mixture of compounds that complete resolution by any single 
column is unlikely; therefore, rechromatography of eluted mixtures by 
another system which provides different distribution coefficients is desir- 
able. The elution orders at pH 2 (C, A, G, U) and at pH 5 (C, U, A, G) 
are sufficiently different to provide such a two column system, and Fig. 4 
shows that these orders also hold for the di- and triphosphates, which were 
not previously available. 

The principle of increasing the concentration of the eluting anion at rela- 
tively constant pH has been adopted to elute unknown components in a 
systematic manner. This was preferred to the principle of changing the 
pH during the course of a separation for the present work, since changing 
the pH would cause certain nucleotides to overtake and pass through others 
on the column (see Fig. 4), which would diminish reproducibility in com- 
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plex mixtures. (The adjustment of pH is of great advantage in the a 
tion of known mixtures, however.) 

Another modification of Cohn’s procedures that is extremely helpful for 
chromatography of complex unknown mixtures is the mechanical changing 
of the eluent concentration continuously to provide uninterrupted and re- 
producible elution patterns. Since the elution characteristics of the un- 
known components of the acid-soluble fraction of tissues could not have 
been predicted, the use of a system that employs an eluent concentration 
gradually varying from zero to the maximal effective molarity is readily 
apparent. ‘The principle of continuously increasing the concentration of 
the eluent has been employed by Alm et al. (29). This procedure has been 
referred to as gradient elution by Tiselius (4), who has emphasized the ad- 
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Fic. 4. Relative positions of the mono-, di-, and triphosphates of the cytidine, 
uridine, adenosine, and guanosine-5’-nucleotides (C, U, A, G) on the two types of 
columns described in this report. Column I is the formic acid system and is operated 
in the pH range 2.5 to 1.2. Column II is the ammonium formate system and is op- 
erated in the pH range 5 to 4. 


vantages of this approach for the study of complicated systems. In the 
present system of reservoir and mixer there is a decline in the rate at which 
the concentration of eluent increases (Table I). It would be better if the 
rate of increase were steady or increasing with time (30). However, in 
practice, the gradients are extended by changing the reservoirs in order to 
obtain satisfactory performance. This system will be referred to as ez- 
tended gradient chromatography. 

The methods described in this paper have been primarily concerned with 
a separation of the nucleotides of the acid-soluble fraction in order to permit 
isotopic investigations of the naturally occurring small molecules that may 
be intermediates in the biosynthesis of the nucleic acids. The methods 
for isolating and examining these acid-soluble nucleotides now provide a 
basis for testing whether they are obligatory intermediates in nucleic acid 
synthesis and for continuing the search for other intermediates. These 
studies might. be aided by the use of inhibitors that block nucleic acid syn- 
thesis, since such agents could conceivably act between the nucleic acids 


| 
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and the nucleotide pool or between the nucleotide pool and the distal pre- 
cursors (5-7). 


SUMMARY 


A method is presented for the systematic resolution and examination of 
the nucleotides present in the cold perchloric acid extracts of tissues. The 
entire extracts are chromatographed from Dowex 1 (formate) resin columns 
by elution with formic acid containing ammonium formate. The concen- 
tration of the eluent is increased gradually and reproducibly by use of a 
mechanical mixing apparatus (gradient elution). To obtain further resolu- 
tion of individual components, the peaks eluted from this system are re- 
chromatographed separately on Dowex 1 (formate) by use of ammonium 
formate buffer as eluent. The relative mobilities of the nucleotides on these 
two systems are different and are described. 

An example of the application of this method for the examination of the 
nucleotides in the acid-soluble extract of liver is presented. The identi- 
fication and position of a number of known compounds on these chromato- 
grams are noted. In addition, the characteristics of several unknown nu- 
cleotides are discussed, including some adenosine phosphates which are not 
generally recognized as occurring in these extracts. 
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NUCLEOTIDE METABOLISM 


III. MONO-, DI-, AND TRIPHOSPHATES OF CYTIDINE, GUANOSINE, 
AND URIDINE* 


By HANNS SCHMITZ,t ROBERT B. HURLBERT,{ anp VAN R. 
POTTER 


WITH THE ASSISTANCE OF ANNE F. BruMM AND DwaIN M. WHITE 


(From the McArdle Memorial Laboratory, Medical School, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, October 12, 1953) 


In the study of the biosynthesis of nucleic acids the pool of the nucleo- 
tides that occur in the acid-soluble extract of animal tissues has received 
relatively little attention, although many studies on the adenosine nucleo- 
tides in this fraction have been carried out in connection with their réle 
as coenzymes and as energy-transmitting systems, by means of barium 
fractionations (2). 

Studies on the nucleotides of the acid-soluble fraction of rat tissues as 
possible precursors of the nucleic acids have been reported by Hurlbert and 
Potter (3, 4), using C"4-labeled orotic acid as a precursor for the pyrimidine 
moieties, by LePage (5) and Edmonds and LePage (6), using glycine-2-C™ 
as a precursor for the purine moieties, and by Schmitz et al., using glucose- 
1-C" as a precursor for the pentose moieties (7, 8). 

In connection with these studies, chromatographic methods (9) have been 
developed on the basis of the earlier studies by Cohn (10, 11), and a number 
of previously unrecognized nucleotides of the acid-soluble extract have been 
isolated. The occurrence and nature of these compounds are the subject 
of the present report. 


Methods 


The experimental conditions and analytical procedures employed were 
the same as those described previously (9), unless otherwise noted. 


* A preliminary report was included in a paper given at the Forty-fourth annual 
meeting of the American Association for Cancer Research, April 9, 1953 (1). This 
work was supported in part by a grant (No. C-646) from the National Cancer Insti- 
tute, National Institutes of Health, United States Public Health Service, and in 
part by an institutional grant (No. 71) from the American Cancer Society. 

Abbreviations as follows: PCA, perchloric acid; RNA, ribonucleic acid; DNA, 
desoxyribonucleic acid; MP, monophosphate; DP, diphosphate; TP, triphosphate; 
A, adenosine; G, guanosine; I, inosine; C, cytidine; U, uridine. 

t Present address, Institut fiir experimentelle Krebsforschung der Universitat, 
Heidelberg. 

t Present address, Kemiska Institutionen, Karolinska Institutet, Stockholm. 
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It is perhaps important to emphasize again that for the present studies 
the neutralized acid-soluble extracts of rat tissues were placed directly on 
the anion exchange column, without previous treatment with barium or 
other fractionation procedures. For the separation of the total acid-soluble 
extract, the “formic acid”? or Type I system, in which elution is started 
with gradually increasing concentrations of formic acid and later continued 
with a mixture of formic acid and ammonium formate, the longer column 
(lem. X 20 cm.), in combination with a 500 ml. mixing flask, was preferred 
throughout these experiments, since the improved resolution yields less 
heterogeneous fractions for rechromatography on the ‘‘ammonium formate” 
or Type II system, in which elution is carried out with gradually increas- 
ing concentrations of that buffer in the pH range 5 to 4. 

Besides routine determination of the ultraviolet light absorption in acid 
and alkali of the isolated compounds on a Beckman DU spectrophotometer, 
representative samples of these compounds were analyzed for ultraviolet 
light absorption on a Cary recorder.! The absorption spectra as well as 
the other properties of the isolated nucleotides were checked against known 
samples.’ 

In order to assure the identity of the bases of the nucleotides isolated 
from the acid-soluble extract of tissue, the free bases were obtained by 
acid hydrolysis. Aliquots of the adenine, uracil, and cytosine nucleotides 
were separately hydrolyzed in 70 per cent PCA at 100° for 90 minutes (12, 
13), and the free bases were separated from the accompanying breakdown 
products of the sugar moiety by paper chromatography by means of the 
disodium phosphate-isoamy] alcohol system of Carter (14). The free bases 
were eluted and their ultraviolet light absorption spectrum checked against 
the free bases derived from the respective nucleotides of RNA. Since that 
paper system does not move the guanine to a significant extent from the 
origin, this base was obtained by means of hydrolysis of the nucleotide (in 
1.0 Nn HCl at 100° for 30 minutes) and subsequent isolation from a cation 
exchange column as employed by LePage (5). 

The enzymatic assay for 5’-nucleotides according to Heppel and Hilmoe 
(15) was used for identification of the position of the esterified phosphorus.’ 


Results 


In the discussion which follows, it will be helpful to refer to Paper II 
(9) in which Fig. 4 represents a diagram of the behavior of these nucleotides 


1 We wish to express our gratitude to Dr. A. L. Wilds, Department of Chemistry, 
University of Wisconsin, for his instruction and help in the use of the Cary recorder. 

2 We are greatly indebted to Dr. W. E. Cohn, Biology Division, Oak Ridge Labo- 
ratory, Oak Ridge, Tennessee, for a gift of cytidine- and guanosine-5’-phosphates. 

3 We wish to thank Dr. Thomas Singer, Institute for Enzyme Research, Univer- 
sity of Wisconsin, for providing the snake venom (Crotalus adamanteus) and for his 


advice regarding the enzymatic assay. 
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on both chromatographic systems and Figs. 2 and 3 present the actual data 
from an extract of liver. 

Isolation of Cytidine-5’-phosphates (CMP, CDP, and CTP)—In the pool 
of total free nucleotides in the acid-soluble extract of liver, adenine, uracil, 
and, to a lesser degree, guanine, nucleotides predominate, and the amount 
of cytosine nucleotides is small in comparison with the former compounds. 
This is shown in the chromatogram obtained from liver (9). Although 
the presence of CMP seemed probable in the liver extracts, CTP was first 
isolated in connection with studies on nucleotide metabolism in Flexner- 
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Fig.1. Rechromatogram of CTP, CDP, and CMP on Type II column, with super- 
imposed rechromatogram of ATP, ADP, and AMP. The following applies to both 
samples: column, 1 cm. X 10 em., Dowex 1 (formate); mixer, 250 ml.; reservoir, am- 
monium formate alone or with formic acid as indicated; fractions, 100 drops per tube; 
rate, 7 to 8 drops per minute. Sample followed by 250 ml. of H:O before ammonium 
formate was started; source, CTP and ATP fractions from Type I chromatograms 
of acid-soluble fraction of Flexner-Jobling rat carcinomas (8). 


Jobling rat carcinoma (8). The isolation was greatly favored by three 
factors: (1) the proportionally greater amount of nucleotides that are pres- 
ent as the triphosphates in the tumor compared with liver; (2) the total 
amount of cytidine phosphates present in the acid-soluble extract of tumor 
is about 2 times higher than the amount found in liver; and (3) the high 
ratio of Ho75: Fogo for the cytidine moiety made the presence of CTP appa- 
rent on the Type I chromatogram. Suitable fractions from Type I sepa- 
ration were rechromatographed, whereupon the CTP was clearly resolved 
and could be identified by chemical analysis. Subsequently, CMP and 


CDP of tumor extracts, as well as CMP, CDP, and CTP, from the acid- 
soluble extracts of liver, brain, and muscle were isolated by chromatog- 
raphy on the two types of columns. 

Fig. 1 shows a rechromatogram of a CTP peak which had been well sepa- 
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rated from preceding or following compounds on the TypeI column. This 
chromatogram is presented for purposes of illustration, since the pooled 
fractions from this peak were partially hydrolyzed by the use of heat during 
drying, before being placed on the Type II column. Thus in Fig. 1 the 
peaks marked CDP and CMP are breakdown products of the CTP. The 
positions occupied by CDP and CMP in this rechromatogram coincide 
exactly with the positions taken when CDP and CMP from Type I chromat- 
ograms of acid-soluble extracts are rechromatographed on the Type II 
column. The elution patterns obtained from Type I and Type II columns 
were presented in Fig. 4 of Paper II (9), which also shows how the rechro- 
matogram separates the various compounds of Fi igs. 1 and 2, and are dis- 
cussed throughout this paper. 

In order to provide reference points, the seiiiiniemale behavior of the 
well known adenine nucleotides on this system is shown in Fig. 1. A Type 
II rechromatogram of a partially hydrolyzed section of the ATP fraction 
taken from the Type I chromatogram from the same tumor sample has been 
superimposed on the cytidine phosphate chromatogram in Fig. 1. 

The purity and recovery of the CTP, CDP, and CMP from the Type II 
columns depend on the degree of resolution obtained with the total extract 
on the formic acid column. If the CTP from the Type I chromatogram 
is not sufficiently separated from UDP-X; (4), UDP, and ATP, the re- 
chromatography on a 1 cm. X 10 ecm. Type II column is not likely to yield 
all of the CTP as a pure peak, and the latter part of the CTP peak will be 
contaminated with UDP-Xs3, and, if the ATP has been partially broken 
down to ADP, the latter can also interfere. However, the use of a 1 em. 
X 20 cm. Type II column with a 500 ml. mixer will give a complete reso- 
lution of all three compounds. 

The rechromatography of the CDP fractions from the formic acid col- 
umns is also dependent on the original resolution. On the formic acid 
column the CDP comes off within the early fractions of the double peak 
that is made up mainly of IMP followed by UMP. However, inorganic 
phosphate and at least one other unidentified nucleotide that is present in 
small amounts come off in that region. Although on rechromatography 
of this double peak the order of appearance of these compounds is different 
(i.e., inorganic phosphate, CMP, if there is CDP breakdown, UMP, IMP, 
and CDP), their positions are still relatively close. For maximal recovery 
the 1 cm. X 20 cm. column is advantageous, although there is some benefit 
by cutting the fraction volumes to 4.0 ml. with the 1 em. X 10 cm. column. 

The rechromatography of CMP as taken from the Type I columns usu- 
ally requires special precautions because of heavy contamination with DPN 
and other compounds. The simplest way to obtain the CMP in pure form 
is to hydrolyze the impurities with 1.0 n HCl at 100° for 1 hour. The 
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desiccated and neutralized hydrolysate can then be used for rechroma- 
tography on a Type II column or on a Type I column with 1 N formic acid 
in the reservoir and 4 ml. fractions. If a1em. X 10 em. column is used, 
the CMP will come off in Fractions 16 to 20. If the hydrolysis is not 
carried out, it is still possible to get adequate separation and retain the 
accompanying compounds by using the Type II column, with 4 ml. frac- 
tions, in order to separate inorganic phosphate from the CMP. 

Isolation of Uridine-5’-phosphates (UMP, UDP, and UTP)—The data 
on the original isolation of the UMP, the radioactive labeling of these uri- 
dine compounds by the precursor, orotic acid, and the nature of three 
derivatives of UDP (UDP-X,, UDP-X2, and UDP-X3) are reported else- 
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Fic. 2. Rechromatogram of GTP, GDP, GMP, UTP, UDP, and UMP on Type 
ITcolumn. Column details as in Fig. 1. Source, combined GTP and UTP fractions 
from Type I chromatogram of acid-soluble fraction of livers from tumor-bearing 
rats (8). 


where (4), while the recent analytical data on the UMP, UDP, and UTP 
are reported here as part of the 5’-nucleotide series. 

The UDP is closely associated on the Type I chromatograms with one 
of its derivatives, UDP-X3, which on mild hydrolysis liberates both UDP 
and a reducing sugar. Several lines of evidence indicate that free UDP 
is @ separate component of this peak, rather than arising as a breakdown 
product: (1) A known mixture of UDP and ATP gave the same elution 
pattern as the peak obtained from tissues; (2) after careful lyophilization 
of the UDP and UDP-X; peak, similar amounts of UDP and UDP-X; 
were resolved by the ammonium formate system, in preparations in which 
the absence of UMP in the chromatogram indicated that very little hydroly- 
sis occurred; and (3) in experiments in which equilibration of the radio- 
activity (from orotic acid) of the uridines was not complete, the UDP and 
the UDP-X; had significantly different specific activities (4). UMP, UDP, 
and UTP, as well as the UDP derivatives mentioned, have been found to 
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oecur in the acid-soluble extract of brain and Flexner-Jobling rat carcinoma 
(8). Muscle, however, did not contain the UDP derivatives in sufficient 
amounts for identification, but probably does contain UTP (8). 

On Type I chromatograms UTP is more or less closely associated with 
the preceding GTP (see liver (8, 9) and brain and tumor (8)). Neither 
the original nor the rechromatographed UTP peaks contained reducing sub- 
stances. Fig. 2 shows a rechromatogram of a pool of the GTP fractions 
and a part of the following UTP fractions which were rechromatographed 
together on the Type II column after partial hydrolysis. In addition to 
UTP and GTP, Fig. 2 also shows the positions of the mono- and diphos- 
phates of uridine and guanosine which correspond with the positions also 
taken by UMP, UDP, GMP, and GDP when the proper fractions from the 
Type I column are rechromatographed on the Type II column (see the 
next section). 

Isolation of Guanosine-5’-phosphates (GMP, GDP, and GT P)—The prox- 
imity of the GTP and UTP on the Type I chromatogram has been pointed 
out, and Fig. 2 shows that the ammonium formate system is quite capable 
of separating these compounds. It is indicated in Fig. 2 that at Tube 100 
the pH of the eluent in the reservoir was changed from about pH 5 to 4 by 
the addition of formic acid. This step was taken in order to obtain the 
GTP in a reasonably sharp peak; 7.e., eluted with the minimum of eluent. 
In rechromatograms of GTP in which the pH was not decreased, the GTP 
was recovered as a rather broad peak. The peaks marked GDP and GMP 
resulted from a partial hydrolysis of the pooled GTP (and UTP) samples, 
as previously noted. Their positions on the rechromatogram coincide with 
the positions of GDP and GMP fractions taken from the Type I chromato- 
gram as such. 3 

The rechromatography of the fractions containing UTP and GTP can be 
earried out on a lem. X 10 em. Type II column, since they are widely sepa- 
rated by this system. However, if partial hydrolysis has taken place, UTP 
and GDP will not be entirely separated from each other (see Fig. 2). In 
this case, complete resolution is obtained with the 1 em. K 20 em. Type II 
column. ‘Thus far the third nucleotide which has been encountered in the 
GTP-UTP peak from liver has not interfered with the GTP on the Type Il 
chromatogram. 

Rechromatography of the GDP fractions from the Type I columns will 
yield pure GDP if sufficiently resolved by the first separation. However, 
if the GDP was not sufficiently resolved from the preceding UDP-Xz (8, 9), 
and, as is possible in the case of liver, from the following Ad-X (8, 9), and 
if there is some breakdown of GDP to GMP and of UDP-X_z to UDP, the 
resulting GMP will be closely associated with the UDP (see Fig. 2), and the 
GDP will be contaminated with one of the components of the Ad-X peak. 


i 
\ 


rcinoma 
ufficient 


ed with 
Neither 
ing; sub- 
ractions 
zraphed 
ition to 
diphos- 
ns also 
rom the 
see the 


1€ PFox- 
pointed 
capable 
tbe 100 
to 4 by 
ain the 
eluent. 
ie GTP 
1 GMP 
umples, 
le with 
omato- 


can be 
y sepa- 
», UTP 
‘ype Il 
in the 
‘ype Il 


ns will 
wever, 
(8, 9), 
)), and 
the 
nd the 
peak. 


47 


H. SCHMITZ, R. B. HURLBERT, AND V. R. POTTER 


Rechromatography of the GMP fractions yields pure GMP and is not 
interfered with by the TPN or another as yet unidentified compound which 
comes off the Type I column in the GMP fraction. 


Spectrophotometric and Other Analytical Data on Isolated Nucleotides 


The ultraviolet absorption spectra of the cytidine, uridine, and guano- 
sine phosphates as isolated from the acid-soluble fractions of tissues were 
compared with the respective authentic samples of the monophosphates 
and were identical with them. ‘Table I summarizes some of the spectro- 
photometric characteristics of the isolated compounds in terms of absorp- 
tion maxima and minima in acid and in alkali and their molar extinction 
coeficients in acid. The spectra are indicated by ratios of the optical 
densities, calculated from the extinction at several characteristic wave- 
lengths, divided by the extinction of the compound at its maximum in 
acid. The spectrophotometric data for the di- and triphosphates fol- 
lowed that obtained for the monophosphates very closely. 

The phosphorus analyses in Table I show that the nucleotides listed as 
di- or triphosphates contain, respectively, 1 or 2 um of acid-labile phosphate 
and 2 or 3 uM, respectively, of total phosphorus. 

All compounds were analyzed for ribose by the orcinol test, modified as 
described (9). The results obtained are expressed as micromoles of ap- 
parent ribose, calculated by use of adenosine-5’-phosphate as a ribose stand- 
ard. The orcinol reactions were carried on for longer periods of time in 
addition to that listed in Table I, and readings were taken at different 
time points up to 2 hours. While the Heo for the purines decreases on 
additional heating, the pyrimidines show characteristic increases. Thus 
the optical density at 660 my for the uracil nucleotides in the orcinol reac- 
tion corresponds to an optical density of 0.16 um of ribose per micromole of 
uracil after 15 minutes at 100°, and the optical density after 60 and 120 
minutes additional heating corresponds to about 0.47 and 0.64 uo of ribose. 
The corresponding data for the cytosine nucleotides were 0, 0.024, and 0.05 
uM of apparent ribose per micromole of cytosine. This extended heating 
procedure was applied to both authentic and isolated nucleotides, and the 
results were in good agreement. In this procedure the E’'g60 of the blank 
does not change appreciably over the heating period, and the results are 
calculated in terms of the optical density given by the adenosine-5’-phos- 
phate standard at 15 minutes. The fact that the tissue guanosine phos- 
phates contain 1.0 equivalent of ribose per molecule, when A-5’-P is used as 
standard, indicates these compounds to be the 5’-nucleotides, since under 
these conditions guanosine-2’(3’)-phosphate gives 20 per cent less apparent 
ribose. 

It has been stated earlier that the monophosphates derived from the di- 
and triphosphates are identical with the original monophosphates on the 
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basis of chromatographic behavior. These monophosphates are also in- 
distinguishable from the authentic 5’-mononucleotides (obtained by enzy- 
matic hydrolysis of RNA) by the same chromatographic procedures and 
are readily distinguished from the 2’- and 3’-monophosphates, which are 
obtained by the alkaline hydrolysis of RNA (see Fig. 1 and “Standardi- 
zation of chromatograms” of Paper II (9)). These chromatographic com- 
parisons were facilitated by mixture of a radioactive compound from the 
acid-soluble fraction with the corresponding non-radioactive, authentic 5’- 


TABLE II 
Hydrolysis of Nucleotides by 5'-Nucleotidase 
The enzyme used was lyophilized snake venom (Crotalus adamanteus) (15). The 
reaction mixture was 0.18 m tris(hydroxymethyl)aminomethane buffer at pH 8.4, 
0.09 m MgSO,, and contained between 0.5 and 1.0 um of substrate per ml. Inorganic 
phosphate was determined by the Fiske-Subbarow method without removal of the 


venom protein. 


Per cent hydrolysis per 15 min. 
at 38° 
Compound Source 
23 y venom per | 46 y venom per 
ml. ml, 
3’-AMP RNA 0 0 
3’-UMP 0 0 
5’-AMP Pabst Laboratories 62 100 
5’-UMP Liver UDP 96 
5’-GMP RNA 46 85 
6 Liver GMP 71 100 
ce “ce GDP 65 96 
GTP 75 102 
5’-CMP CMP 55 97 
CDP + CTP 60 98 
RNA 47 99 


nucleotide. In the cases examined in this way (UMP on Type I and Type 
II, and CMP on Type II, columns), the resulting peaks containing the 5’- 
nucleotides were completely homogeneous with regard to both radioactivity 
and spectrum. Further evidence that the nucleotides of the acid-soluble 
fraction are nucleoside-5’-phosphates was provided by their lability to 5’- 
nucleotidase action. Table II summarizes the enzymatic assay with 5’- 
nucleotidase. The results show that the tissue nucleotides, as well as the 
authentic mononucleotides, were almost completely dephosphorylated by 
the enzyme, which was inactive towards adenosine- and uridine-2’(3’)-phos- 
phates. 

All nucleotides reported in this paper were tested for reducing sugar (16) 
with negative results. 
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A preliminary study has indicated that the higher phosphorylated nucleo- 
tides of all four bases mentioned in this report are also present in the acid- 
soluble extract of actively growing yeast. 


DISCUSSION 


There have been a number of indications recently that free nucleotides 
other than the adenine series may be present in living organisms. Leloir 
and coworkers recently isolated the coenzyme of the glucose-1-phosphate- 
galactose-1-phosphate transformation and showed that it was a glucose 
derivative of UDP. Coenzyme activity was reported for several animal 
tissues. Additional UDP derivatives have been reported by Park (17), 
and UDP has been enzymatically converted to UTP by Kornberg (18) 
(see reviews by Leloir (19, 20)). Dutton and Storey (21) have obtained a 
glucuronic acid derivative of UDP from rat liver. Lipton et al. (22) have 
isolated UTP in fairly large quantities from certain commercial fermenta- 
tion mixtures. Cytidine-5’-phosphate was tentatively identified by Stro- 
minger (23) as one of the products occurring in extracts of penicillin- 
inhibited Staphylococcus aureus. That guanine nucleotides might be 
present in acid-soluble fractions of animal tissue was indicated by LePage 
who obtained free guanine from hydrolysates of such extracts (5). 

The occurrence of the 5’-mono-, di-, and triphosphates of adenosine 
(AMP, ADP, and ATP) in the acid-soluble extracts of animal tissues is well 
known, and it is thus of considerable interest to find that analogous com- 
pounds of guanosine, cytidine, and uridine also occur. It is emphasized 
that these compounds were obtained as the free nucleotides and not as 
products from hydrolysates of nucleic acids. 

As far as we are aware, the occurrence of GDP, GTP, CDP, and CTP 
has not been previously reported, and free GMP, CMP, UDP, and UTP, 
in addition to the above compounds, do not appear to have been observed 
in animal tissues. In earlier studies on the biosynthesis of the pyrimidines 
Hurlbert isolated UMP and several derivatives from rat liver (24), and in 
concurrent studies the presence of UDP, UTP, and three derivatives of 
UDP was noted in liver (4). All of the above compounds were found in 
acid-soluble extracts of liver, brain, and Flexner-Jobling rat carcinoma (8). 

Until recently the nucleoside-5’-monophosphates had never been ob- 
tained from nucleic acid hydrolysates, but Cohn and Volkin (25) have now 
shown that by use of a purified phosphodiesterase all four of the 5’-nucleo- 
side monophosphates could be obtained from RNA, and, in addition, the 
diphosphates of cytidine and uridine could be obtained. The diphosphates 


‘ We wish to express our thanks to Dr. S. A. Morell of the Pabst Laboratories for 
supplying us with limited quantities of their UTP, which appears to be identical with 
the UTP that we have isolated from acid-soluble extracts of animal tissues. Their 
product is now commercially available. 
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appeared to be the 2’ ,5’ or 3’ ,5’ variety and contained no pyrophosphates, 
judged by their stability to acid hydrolysis. The di- and triphosphates 
reported here are considered to be pyrophosphates on the basis of their 
proportion of easily hydrolyzed phosphate, which distinguishes them from 
the diphosphates obtained by Cohn and Volkin (25). In the present 
studies the labile phosphate has been determined on the basis of studies 
with the higher phosphates of uridine and adenine. Complete hydrolysis 
curves to justify the use of these conditions for the cytidine and guanosine 
phosphates have not been made because of lack of material. 

Thus the compounds described in this report are apparently analogous to 
the ‘“‘muscle”’ adenine nucleotides rather than to the earlier products from 
the nucleic acids. It is obvious that as this work progressed the analogy 
with the adenine nucleotides became increasingly clear and became of 
heuristic value. Thus, the occurrence of CDP was not evident in the early 
chromatograms, but was suspected by analogy, and its isolation was facili- 
tated by empirical prediction of its probable location on the chromatograms 
(see Fig. 4 of Paper II (9)). However, the identification of the compounds . 
is not based upon analogy, but rests on several lines of evidence, including 
enzymatic hydrolysis of the 5’-monophosphates, lability of the phosphates 
in the proper ratios, positions on the chromatograms, absorption spectra, 
and chromatography of mixtures of labeled and unlabeled compounds. 
Nevertheless, further studies will be required to establish whether the pyri- 
midine compounds contain ribose in the theoretical amount and whether 
the di- and triphosphates are split by appropriate pyrophosphatases. In 
addition it is not rigorously established that additional substituents are 
not present in the case of the di- and triphosphates dealt with in this paper. 
At the same time it may be pointed out that the acid-soluble extracts con- 
tain, in addition to the compounds described in this report, a number of 
derivatives that have been separated and distinguished from them and in 
some cases tentatively identified (9). In the case of the compounds de- 
scribed in the present report the presence of reducing compounds (8, 9), or 
of other materials which absorb in the ultraviolet region, has been ex- 
cluded. 

The chief purpose of the present report is to call attention to the exis- 
tence of these nucleotides and to give sufficient details to permit their iso- 
lation. During further isolation work it is quite possible that additional 
compounds such as 5’-pyrophosphates with additional phosphate in the 
2’ or 3’ position, or other unknown nucleotides, may be found to occur in 
the present preparations in small amounts. The occurrence of the more 
obvious unidentified nucleotides that have been separated has been de- 
scribed in Paper II (9). 

While some of the compounds mentioned in this report may serve as Co- 
enzymes or coenzyme precursors, they may also be considered as possible 
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building blocks for the nucleic acids. Although such pyrophosphates have 
never been obtained among the breakdown products of the nucleic acids, 
their function as nucleic acid precursors is a possibility that is under in- 
vestigation (4, 9, 26). The fact that they do not occur among the break- 
down products of nucleic acids might be explained by assuming that the 
terminal phosphates (or pyrophosphates) (27) are lost when the mononu- 
cleotides are converted to nucleic acid, as in the case of so many established 
biosyntheses that utilize phosphate bonds. These studies, together with 
those of LePage (5) and Edmonds and LePage (6) on the biosynthesis of 
the purine nucleotides, suggest the possibility that some of the nucleotides 
may serve dual réles as coenzymes and as precursors of nucleic acids, and 
thereby serve to coordinate function with growth by an extension of the 


- mechanism proposed in 1944 (28). 


The present work establishes that all of the bases that occur in poly- 
merized form as ribonucleic acid exist in the acid-soluble fraction of animal 
tissues as mononucleotides at the three levels of phosphorylation previ- 
ously established for the adenine nucleotides. With knowledge that these 
compounds exist and with methods for their isolation, further work on their 
possible rdéles as coenzymes, as energy transmitters, and as building blocks 
for the nucleic acids is being carried out in vitro. 


SUMMARY 


1. The application of ion exchange methods has resulted in the isolation 
of the 5’-mono-, di-, and triphosphates of cytidine, uridine, and guanosine 
from the acid-soluble extract of rat tissues. 

2. These compounds have been characterized on the basis of their spec- 
trum and their ribose and phosphorus contents, and by identification of 
the free bases after hydrolysis. The monophosphates (including those de- 
rived from the di- and triphosphates) have been distinguished from the cor- 
responding 2’- and 3’-monophosphates by chromatography and are identi- 
cal with corresponding authentic 5’-mononucleotides as judged by a number 
of chemical and chromatographic criteria. 

3. Hydrolysis of these compounds by a specific snake venom 5’-nucleo- 
tidase provides further evidence that they are 5’-nucleotides. 

4. The di- and triphosphates of cytidine, uridine, and guanosine con- 
tain, respectively, 1 and 2 moles of acid-labile phosphate per mole of base, 
which indicates that they are pyrophosphates analogous to the known 
adenosine-5’-mono-, di-, and triphosphates. 
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THE INCORPORATION OF CARBON DIOXIDE INTO BOTH 
CARBOXYL GROUPS OF GLUTAMIC ACID 
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Carbon dioxide is known to enter the tricarboxylic acid cycle by conden- 
sation with pyruvic acid to form oxalacetic acid (1) or malic acid (2). In 
the presence of C“QOs, therefore, the 6-carboxyl groups of these acids become 
labeled. Incorporation studies with hen oviduct have shown that about 
one-third of this activity is redistributed into the a-carboxyl carbon (3). 
Since this carbon is lost in the subsequent decarboxylation of oxalosuccinic 
acid, a-ketoglutaric acid becomes labeled exclusively in its a-carboxyl group 
because of the metabolic asymmetry of citric acid (4). In view of the fact 
that the decarboxylation of a-ketoglutarate has not been found to be re- 
versible in tissue systems, the formation of a-ketoglutarate labeled solely 
in position 1 would be expected during incubation with carboxyl-labeled 
succinate or (5-7). 

During studies on protein synthesis in hen oviduct, with CQO, as the la- 
beled precursor, it was observed that the specific activity and apparent pool 
size of free glutamic acid were greater than those of aspartic acid. Since, 
as was mentioned above, as much as one-third of the activity present in 
oxalacetic acid is lost during the conversion of this substrate to a-ketoglu- 
taric acid, it appeared possible that the additional counts were entering 
glutamic acid through some unusual fixation mechanism. 

The studies below demonstrate that a considerable amount of radio- 
activity is located elsewhere than in the a-carboxyl carbon of glutamic 
acid and suggest the incorporation of CH;C“OOH formed through the 
following type of reactions, originally suggested by Plaut and Lardy (8) 
and Coon (9). 


(1) CH;COCH; + — CH;COCH.2C“OOH 
(2) CH;COCH.C“OOH — 2CH;C“OOH 
Methods 


Isolation of Glutamic Acid—A mince of hen oviduct was incubated with 
C4O, (10). The mince was centrifuged, and absolute alcohol was added 
to the supernatant solution to a concentration of about 67 per cent. After 
centrifugation, the clear fluid was taken to dryness on a steam bath and the 
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sample was desalted on a Dowex 50 column. The desalted solution was 
evaporated to dryness and chromatographed in 80 per cent phenol after 
being streaked on Whatman No. 1 filter paper. The resulting glutamic 
acid band was cut out, eluted, and rechromatographed in a similar manner 
on Whatman No. | paper in a 75 per cent aqueous propanol system, which 
separates traces of glycine not fully removed in the first chromatogram. 
The glutamic acid was then eluted and its specific activity determined by 
counting one aliquot and assaying a second aliquot by a microadaptation 
of the Moore and Stein ninhydrin procedure (11). In this adaptation 0.1 
ml. samples are introduced into previously matched 3 ml. test-tubes (10 x 
75 mm.). 0.5 ml. of ninhydrin reagent and 2.0 ml. of propanol diluent are 
used. This method is accurate for from 1 to 15 y of most amino acids and 
reaction mixtures which are too dark can be diluted to a suitable optical 
density without error. 

Location of Radtoactivity—Dakin’s chloramine-T procedure (12) was 
studied under a variety of conditions of temperature, time of heating, and 
concentration of the 2,4-dinitrophenylhydrazine used to form the deriva- 
tive of succinic semialdehyde which arises from carbons 2 to 5 of glutamic 
acid. The following procedure was adopted. Labeled glutamic acid and 
sufficient carrier to yield 14.7 mg. were dissolved in 1 ml. of warm 0.1 N Na- 
OH in a micro bubbling apparatus. Nitrogen gas was bubbled through 
for a few minutes, and then 29 mg. of chloramine-T were added. The 
tube was immersed in a water bath at 50° and the reaction allowed to pro- 
ceed for 15 minutes. The tube was cooled in ice water, and the insolu- 
ble p-toluenesulfonamide was centrifuged. This precipitate was washed 
twice with small volumes of cold water which were added to the solution of 
succinic semialdehyde, and the derivative was formed with 2.8 ml. of 08 
per cent 2,4-dinitrophenylhydrazine in 2 N HCl. (It is necessary to warm 
the reagent to achieve this concentration.) The suspension was stored 
overnight in the cold room, and the precipitate filtered on Whatman No. 
50 paper and washed with cold water (average yield, 20 mg. or 65 per cent 
of theoretical). The derivative melted at 198—199°, whereas an authentic 
sample made on a larger scale and crystallized from alcohol-water melted 
at 199-201° (reported value, 201° (13)). A mixture of the labeled deriva- 
tive and the authentic sample melted at 201—202°, whereas the reagent 
plus the authentic derivative melted at 174-177°. The labeled derivative 
was prepared for counting by placing it, dry, in a planchet and adding 
about 0.1 ml. of methyl ethyl ketone, followed by a few drops of ethyl 
alcohol, which served to spread the material evenly across the planchet. 
These plates were allowed to dry slowly at room temperature, counted, and 
weighed. After determining specific activity, the material was scraped 
off of the planchet and recrystallized in aqueous ethanol, and the specific 
activity was redetermined (see Table I). 
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An alternative method of decarboxylation was also used. Labeled glu- 
tamic acid diluted with carrier to 0.5 mg. was dissolved in distilled water 
(1.7 ml.) in the main compartment of a Warburg vessel. 5 mg. of dried 
Clostridium welchii cells in 0.3 ml. of water were added from the side arm, 
and the liberation of CO2 was followed manometrically (14). The absence 
of buffer salts permits purification by paper chromatography without pre- 
liminary desalting after removal of the protein by the addition of alcohol 
to 67 per cent. The clear supernatant solution was taken to dryness and 
chromatographed on Whatman No. 1 paper in 75 per cent propanol, in 
which a clean separation of y-aminobutyric acid and glutamic acid is ob- 
tained. The y-aminobutyric acid band was eluted and its specific activity 
determined by the procedure described above. A portion of the original 
glutamic acid solution or of unchanged glutamic acid from the reaction 
flask was used for the determination of specific activity before decarboxy]l- 
ation. 

To localize the position of labeling further, the y-aminobutyric acid ob- 
tained after treatment with C. welchit was decarboxylated by a Schmidt 
degradation (15). 20 mg. of y-aminobutyric acid were dissolved in 0.5 
ml. of concentrated H.SO, in a 2-necked separatory funnel of 10 ml. capa- 
city. One neck led to a Ba(OH), tube, and the other neck was covered 
with a vaccine port. HN; was generated in a 5 ml. separatory funnel by 
adding, with stirring, 0.1 ml. of cold concentrated H2SO, to 364 mg. of 
NaN; in 2.1 ml. of CHCl3in an ice bath. The sodium sulfate which formed 
was dissolved by adding more H2SO, of the same concentration. The 
CHCl; solution of HN; was separated, and a portion was titrated with 0.2 
u KOH in order to determine the concentration. A slight excess of HN; 
was added to the reaction funnel, which was then immersed in a bath at 
53°, and the reaction was allowed to proceed for 2 to 3 hours. The mixture 
was then made alkaline with concentrated NaOH and extracted with three 
successive 1 ml. portions of CHCl;. After allowing the CHCl; to evapo- 
rate, the residue was taken up in a small volume of dilute HCl to which 
picric acid was added The dipicrate obtained decomposed at 263° (cor- 
rected) (reported 250°, uncorrected) (16). 


Results 


The specificity of the degradative procedures described above was veri- 
fied on a sample! of synthetic L-glutamic acid-1,2-C™ (Tables I and II). 
The data in Table I show that a considerable fraction of the radioactivity 
in the glutamic acid isolated from incubation of oviduct minces with 
CO. was located in positions other than the a-carboxyl carbon. The pos- 


sibility that radioactivity in the dinitrophenylhydrazone derivative might 


1 Hendler, R. W., Horning, M., and Anfinsen, C. B., Arch. Biochem. and Biophys., 
in press. 
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be due to cocrystallization of unchanged glutamic acid was ruled out by a 
direct test of this possibility. Thus, as can be seen in Table I, cocrystal- 
lization could account for less than 0.5 per cent of the added counts found 
in an experiment in which synthetic labeled glutamic acid was added to the 
succinic semialdehyde derivative before crystallization. 

Table II shows that, in samples of glutamic acid isolated from oviduct 
incubation, all of the radioactivity not accounted for by carbon 1 was lo- 


cated in carbon 5. 


TABLE I 
Per Cent of Counts Remaining in Carbons 2 to & after Decarboxylation 


As 2,4-Dinitrophenylhydrazone of Succinic Semialdehyde after Treatment with 
Chloramine-T 


Source of glutamic acid Reaction product a... a 
Oviduct, Experiment 1..................... 17 17 
Cocrystallization with labeled glutamic acid. 1.6 0.5 
Synthetic glutamic acid-1,2-C™%............. 53 53 
After Decarbozylation with C. welchii 
Source of glutamic acid y-Aminobutyric acid* CO2 
Oviduct, Experiment 3..................... 29T 
Synthetic glutamic 51 


* Chromatographically pure. 
t Average of three determinations, 22, 30, and 34 per cent. 
Average of triplicate determination. 


In addition to C™Os, incubations were carried out with succinate- 
1 ,4-C™, acetate-2-C™, propionate-1-C", and acetone-1-C“. The concentra- 
tion of the above substrates was 1 mm in all cases, except for acetone in 
which the concentration was considerably less. The labeled acetone was 
prepared by pyrolysis of C'-BaAc. in one arm of an evacuated Y-tube. 
The BaAcz, with an excess of Ba(OH).2, was heated to 500° in a combustion 
furnace and distilled over to the other arm which contained ice, cooled by 
an alcohol-dry ice bath. The water solution was used directly. Incuba- 
tion was allowed to proceed for 2 hours at 37°, and the specific activity 
of CO. in the medium was determined on an aliquot of the incubation mix- 
ture. It is of interest to note that the specific activity of COs is, in all 
cases, lower than that of glutamic acid, indicating the striking lack of equi- 
libration between metabolically produced COz and that in the medium. 
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The specific activity of glutamic acid and the distribution of radioactivity 
in its carbon atoms are listed in Table III. 

To test the possibility that CO2 was entering glutamic acid via acetic 
acid, an attempt was made to accumulate acetic acid by use of the arsenol- 


TABLE II 
Localization of Activity in Carbon 6 of Glutamic Acid Isolated from Oviduct 
Incubation 
Schmidt degradation of y-aminobutyric acid from C. welchit degradation of glu- 
tamic acid. 


Per cent of counts 
Source of glutamic acid 


C-2 to C-4* C-5f 
Synthetic glutamic acid-1,2-C™............. 100 0 
Oviduct, Experiment 3..................... 0 100 


* Counted as the dipicrate of trimethylenediamine. 
¢t Counted as BaCQs. 


TaBLeE III 
Distribution of Counts after Oviduct Incubation 

COs Glutamic acid | Per cent glutamic 

Substrate* 
1 Succinate-1 ,4-C' 362,500 | 1620 | 0.45 | 6,135 | 1.7 | 100 0 0 
2 - 362,500 | 1400 | 0.39 | 7,932 | 2.2 | 100 0 0 
3 Propionate-1-C™ 232,000 | 1810 | 0.78 | 5,105 | 2.2 | 100 0 0 
4 ” 232,000 | 2220 | 0.96 | 6,865 | 3.0 | 100 0 0 
5 Acetate-2-C' 550,000 | 1060 | 0.19 |27,400 | 4.8 | 20] 79 1 
6 550,000 | 895 | 0.16 |32,300 | 5.9 7} 91 2 
7 Acetone-1-C'4 1,100,000 | 199 | 0.018) 3,820 | 0.35) 27] 63 10 


* All substrate concentrations were 1 mM except for the acetone which was much 
less. 
t Specific activity relative to that of the added substrate. 


ysis reaction (17), in which acetyl CoA? is decomposed by transacetylase 
and arsenate. When oviduct minces were incubated with C™“O, in the 
presence of transacetylase (540 units), CoA (100 units per ml.), arsenate 
(0.05 m), and unlabeled acetone (1 mm), the steam-volatile material con- 
tained about 2 per cent of the added counts. This material was neutral- 
ized, evaporated to dryness, moistened, and treated with Na.S.O; (18) 


*Coenzyme A. 
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to liberate free fatty acids. The fatty acids were extracted with a small 
volume of cyclohexane, and this extract was then applied to a column of 
silica gel made up in aqueous methanol and bromocresol green (19). Car. 
rier amounts of acetic, propionic, butyric, and caproic acids were added, and 
the bands were developed with cyclohexane. The eluate between the ca- 
proic and butyric acid fractions was collected to test for the possible pres- 
ence of labeled valeric acid, and, after collection of the butyric acid frac- 
tion, the column was stripped with propanol. No activity was found in 
the 5- or 6-carbon acid fractions, and a trace (probably a leak through) 
was evident in the butyric acid fraction. All of the activity put on the 
column was eluted with the acetic and propionic acid bands. This ma- 
terial was acidified and extracted with washed n-amyl] alcohol saturated 
with water. A counter-current distribution between n-amyl alcohol and 
water (20) was performed in the presence of carrier acetic and propionic 
acids in a twenty-five plate apparatus. The bands were located by titra- 
tion, and the radioactivity was also determined. The complete correspond- 
ence of the data for titration and radioactivity supports the conclusion 
that CO2 becomes incorporated into acetic acid in this system. 


DISCUSSION 


The results presented above show that C“O2 can become incorporated 
into the 5 position of glutamic acid to an appreciable extent. By the known 
fixation reactions it would be predicted that C“O2 would label the a-COOH 
carbon exclusively. This prediction has been borne out experimentally by 
studies in many laboratories (5-7). 

Position 5 arises normally from the carboxyl carbon of acetic acid, which 
enters the tricarboxylic acid cycle through condensation with oxalacetate. 
It is also conceivable that position 5 might become labeled via a direct con- 
densation of an asymmetric succinic acid molecule (e.g. succinyl CoA), 
although this reaction has never been demonstrated in a cellular system. 

Acetic acid might arise by means of an acetone + COz fixation reaction 
(8, 9, 21), although the AF°® for this reaction is quite high (16,300 calories). 
Mass action considerations would therefore require a high concentration of 
acetone relative to acetoacetate. Plaut and Lardy showed that in rat 
liver, a tissue capable of incorporating C“Oz into acetoacetate, the glutamic 
acid isolated was almost exclusively labeled in the a-COOH carbon. If, 
however, kidney tissue and fumarate were added after a preliminary incuba- 
tion of the liver homogenate with CQOz, it was possible to demonstrate 
an appreciable labeling in the 2- to 5-carbon atom fragment of glutamic 
acid. The present paper emphasizes the possible importance of this route 
in normal tissue metabolism, although the ability to perform this sequence 
of reactions appears to be notably absent in tissues previously studied. 
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In view of the high AF® for the fixation of CO:2 into acetoacetate (8), it is 
reasonable to suppose that one of the two reactants is activated. Plaut 
and Lardy showed that labeled acetone was incorporated into the acetone 
portion of acetoacetate, but that non-isotopic acetone did not enhance the 
incorporation of CQO, into the carboxyl group. However, pyruvate did 
increase this fixation. These observations and those presented in the pres- 
ent paper suggest that COz2 may react in an activated form and that hen 
oviduct appears to be a particularly suitable tissue for studying this pos- 
sibility. 

A Thunberg-Wieland type split (22, 23) of succinate would yield ace- 
tate, but this reaction has never been adequately demonstrated and the 
possibility appears to be eliminated in the present system since succinate- 
1,4-C™ gave only 1-C'*-labeled glutamic acid. 

The formation of succinyl CoA from propionyl CoA and CO: would re- 
sult in the observed labeling if succinyl CoA could be reductively carboxy]- 
ated to form a-ketoglutarate. This possibility is made unlikely by the ob- 
servation that the radioactivity of propionate-1-C™ goes exclusively to 
carbon 1, probably through C™“QO, derived from oxidation. 

Reversal of the decarboxylation of a-ketoglutarate was tested directly 
with succinate-1,4-C"“. No activity was detected in carbon 2 or 5 of 
a-ketoglutarate, ruling out this direct conversion in any measurable 
amount. At present the evidence supports the incorporation of COs: into 
the carboxyl carbon of acetate, possibly through the acetone fixation re- 
action. When labeled acetone was used, there was rather good incorpo- 
ration of activity into a-ketoglutarate. The location of radioactivity in 
the isolated glutamic acid corresponded to what would be expected if ace- 
tate were an intermediate. 

When CQO, was used, an appreciable fraction of the total counts was 
present in the fraction volatile with steam, and labeled acetic acid was 
identified in this fraction. The evidence at present does not support the 
other possibilities discussed above, but does suggest that the mechanism 
operative in this system may be the incorporation of CO2 carbon into ace- 
tate by means of the Plaut-Lardy-Coon mechanism. 


The authors would like to thank Dr. Earl Stadtman and Dr. Seymour 
Korkes for their interest and helpful discussions during the course of this 
work. The C. welchii used was a gift from Dr. Alton Meister. 


SUMMARY 


1. When C"O:2 was incubated with hen oviduct, as much as 30 per cent 
of the radioactivity found in glutamic acid was in the y-carboxyl carbon 
atom. 


62 INCORPORATION OF CO2 INTO GLUTAMIC ACID 


2. Possible explanations involving asymmetric succinic acid, reversal of 
the decarboxylation of a-ketoglutarate, and a Thunberg-Wieland split of 
succinate were shown to be unlikely. 

3. The results obtained are consistent with an efficient fixation of CO, 
into acetoacetate, with subsequent formation of acetate, which is incor- 
porated into glutamate through the normal forward reaction of the Krebs 
cycle. 
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FORMATION OF “ACETYL” FROM SUCCINATE BY RABBIT 
LIVER SLICES 


By YALE J. TOPPER anp DEWITT STETTEN, Jr. 


(From the Division of Nutrition and Physiology, The Public Health Research 
Institute of The City of New York, Inc., New York, New York) 


(Received for publication, January 22, 1954) 


In the course of a study of the mammalian metabolism of succinate, liver 
slices derived from rabbits previously given intraperitoneal injections of 
sodium pantothenate were incubated with succinic acid-1 ,4-C™ and sulfa- 
nilamide (1). Acetylsulfanilamide isolated from the reaction mixture 
proved to be radioactive, and degradation revealed that all of the C" in 
this product resided in the carboxyl carbon of the acetyl moiety. 

Known and proposed biochemical transformations suggest several mecha- 
nisms to account for the conversion of succinate into ‘‘acetyl.’”’ The 
present report deals with ¢xperiments designed to evaluate these several 
possibilities and to indicate the mechanism which may account for the 
initial observation. Experiments with deuterium-labeled and C-labeled 
succinic acid and with radioactive bicarbonate have permitted the exclu- 
sion of certain postulated mechanisms and have indicated the occurrence 
of others. 


EXPERIMENTAL 


Synthesis of Succinate-1 ,4-C'*—Carboxyl-labeled succinate was prepared 
according to the method of Kushner and Weinhouse (2). The product had 
a specific radioactivity of 2.36 X 10° c.p.m. per mm and was radiochemically 
homogeneous as determined by one-dimensional paper chromatography 
with 20:1:4 (volume per volume) ethanol-concentrated ammonium hy- 
droxide-water. 

Incubation—Male chinchilla rabbits, weighing approximately 2 kilos, 
maintained on a stock diet, were injected intraperitoneally with 200 mg. 
of sodium pantothenate, made up to be isotonic in saline. The livers were 
removed 2 hours later and sliced with a Stadie-Riggs microtome. Each 
experiment, listed in Table I was performed with slices obtained from a 
different animal. In Experiments 1, 2, and 3, approximately 3 gm. (dry 
weight) of rabbit liver slices were incubated in a 500 ml. Erlenmeyer flask 
at 37.4° in 150 ml. of Krebs-Ringer bicarbonate buffer (3) at pH 7.4 for 5 
hours in the presence of succinate-1,4-C™ and sulfanilamide. Agitation 
was achieved by bubbling either nitrogen containing 5 per cent of carbon 
dioxide or oxygen containing 5 per cent of carbon dioxide into the systems, 
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and COz was removed from the effluent gases by passage through sodium 
hydroxide solution. In Experiment 4, non-isotopic succinate and radio. 
active bicarbonate were employed and the mixture was shaken in a stop. 
pered flask. At the end of the incubation period the tissue was removed by 
centrifugation, washed, dried, and weighed. 

Isolation of Acetylsulfanilamide—‘Acetyl,” in the form of acetylsulfanila- 
mide, was isolated from the supernatant fluid by a modification of the pro- 
cedure of Klein and Harris (4). The aqueous incubation medium was ex. 
tracted with ether for 72 hours, and the ether extract was evaporated to 
dryness in vacuo. The residue was shaken with 50 ml. of acetone, the 
resulting solution filtered, and the volume of the filtrate reduced to 3 ml, 
wn vacuo. ‘Then 75 ml. of petroleum ether were added, and the white pre. 
cipitate which formed was allowed to settle for 1 hour. After removal of 
the supernatant liquid by decantation, the precipitated material was dis- 
solved in 100 ml. of water, and sulfanilamide was removed by passing the 
solution through a column of cation exchange resin, Amberlite IR-120, 
followed by elution with 100 ml. of water. Further purification was éf- 
fected by treatment with an anion exchange resin, Amberlite IR-45. No 
directly diazotizable amine was detectable in the solution at this point, 


according to the method of Bratton and Marshall (5). The quantity of | 


acetylsulfanilamide synthesized was determined by analysis (5) of the 
combined eluates. Finally, acetylsulfanilamide was isolated by evapora- 
tion of the aqueous solution to dryness in vacuo, extraction of the residue 
with 10 ml. of acetone, filtration, evaporation of the acetone, and recrystal- 
lization of the product from water-ethanol (4:1). The biosynthetic mate- 
rial melted at 210-212° (uncorrected) and did not depress the melting point 
of synthetic acetylsulfanilamide (210-212° uncorrected). Radioactivity 
assays were performed directly on the isolated. material. 

Formation of p-Bromophenacyl Acetate—Sufficient non-isotopic acetyl- 
sulfanilamide was added to the isotopic material to bring the total quantity 
up to 50 mg. Hydrolysis was effected by refluxing the material for 1.5 
hours in 8 ml. of 25 per cent aqueous p-toluenesulfonic acid. The solution 
was permitted to cool, 56 ml. of 0.16 N sodium hydroxide were added, and 
about 50 ml. of this mixture were distilled in vacuo. 25 ml. of water were 
added to the distillation flask and distillation was performed again; this 
was repeated once. The combined distillate was made alkaline to phenol 
red by the addition of solid sodium bicarbonate, the resulting solution was 
evaporated to dryness in vacuo, and the residue was extracted with 1 ml. of 
boiling absolute ethanol. 50 mg. of p-bromophenacy] bromide and 0.2 ml. 
of water were added to the alcohol extract, and the mixture was refluxed 
for 0.5 hour. The product crystallized on cooling. After recrystalliza- 
tion from aqueous ethanol the ester melted at 84—85° and did not depress the 
melting point of an authentic sample of p-bromophenacy] acetate (85°). 
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When appropriate corrections were made for the carrier used, the molar 
specific radioactivities of the isolated acetylsulfanilamide and of the ester 
derived from it were essentially the same. 

Degradation of Acetate—The acetylsulfanilamide isolated in Experiment 
2 (Table I) was diluted with 43.1 mg. of non-isotopic acetylsulfanilamide, 
the mixture was hydrolyzed, and acetic acid was distilled as described 
above. The silver salt of this acetic acid was treated with bromine in car- 
bon tetrachloride solution (6), and the CO2 evolved, representing the car- 
boxyl carbon of acetic acid, was collected as BaCO;. The diluted acetylsulf- 
anilamide had an activity of 4600 c.p.m. per mm; the BaCQO; (corrected for 
back-scattering) had an activity of 4635 c.p.m. per mm. ‘Thus all of the 
radioactivity was present in the carboxyl group. 

Deuterosuccinate-1 ,4-C'*—Deuterosuccinic acid was prepared by the 
platinum-catalyzed reduction of the dimethyl ester of acetylenedicarboxy- 
lic acid in ethereal solution under an atmosphere of 99.8 per cent Dz, fol- 
lowed by hydrolysis of the dimethyl deuterosuccinate thus procured. The 
authors are indebted to Dr. M. R. Stetten for this preparation. Doubly 
labeled succinic acid was prepared by crystallizing a mixture of deutero- 
succinic acid and succinic acid-1,4-C™ from water. The incubation with 
this material was conducted under the same conditions as those described 
for the singly labeled succinic acid. 

Isolation of Glutamic Acid—3 gm. of liver slices obtained from Experi- 
ment 3 were homogenized in a Waring blendor with 20 ml. of water. After 
centrifugation, 80 ml. of ethanol were added to precipitate the proteins. 
Centrifugation was repeated, the supernatant fluid was evaporated to dry- 
ness in vacuo, and the residue so obtained was taken up in 25 ml. of water. 
This solution was treated with 40 ml. of Dowex 50 (H) on a column, the 
column was washed with water until the originally acidic effluent became 
neutral, and the amino acids were then eluted with 1 N NH,OH. The 
alkaline eluate was decolorized with Norit, and excess NH3 was removed by 
evaporation 7m vacuo. The barium salts of glutamic and aspartic acids 
were precipitated by the addition of Ba(OH)e2 and 5 volumes of ethanol. 
After reprecipitation of the product from water-ethanol (1:5), barium ions 
were removed with H2SO,. The resulting solution was concentrated in 
vacuo, and glutamic acid was purified and isolated by paper chromatography 
first with 80 per cent phenol and then 75 per cent propanol. 

Degradation of Glutamic Acid—The eluted glutamic acid had a specific 
radioactivity of 503 c.p.m. per wm. This product was decarboxylated, and 
the resulting y-aminobutyric acid was isolated as described by Hendler 
and Anfinsen! (7). The y-aminobutyric acid had a specific radioactivity 

1The authors are indebted to Dr. Richard W. Hendler, Laboratory of Cellular 


Physiology, National Heart Institute, National Institutes of Health, for the paper 
chromatography and degradation of the glutamic acid. 
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of 10 c.p.m. per ym. Thus the a-carboxy! group of glutamic acid possessed 
98 per cent of the total activity in the molecule. 


TABLE I 
Radioactivity Data 
In Experiments 1, 2, and 3, approximately 3 gm. (dry weight) of rabbit liver slices 
were incubated at 37.4° in 150 ml. of Krebs-Ringer bicarbonate buffer at pH 7.4 in 
the presence of succinate-1,4-C' (specific activity, 2.36 K 10° ¢.p.m. per mM) and 
0.003 m sulfanilamide. In Experiment 4, non-isotopic succinate and radioactive 
bicarbonate were employed. The data have been adjusted to 3.0 gm. of liver (dry 


weight). Open systems* were used in all except Experiment 4, in which a closed 
system was employed. 
E cetylsul-| acetylsulfani ide cety Total 
ment Conditionst —— derived | radioactivity 
No. size Specific Total succinate in COz 
activity | activity 
mg. c.p.m. per cent C.p.m. 
1 Ne containing CO2 + 0.02 Mm 3.5 200 700 3.7 | 3.5 X 10! 
succinate 
2 N:2 containing CO, + 0.02 m 6.9 155 1070 2.9 7.2 X 104 
succinate 
3 O:2 containing CO2 + 0.02 mM} 25.0 38 950 0.7 3.4 105 
succinate 
4 | Ne containing CO: + 0.02 4.4 100 440 2.5 X 108 
succinate, NaHCO; in 
buffer 


* Open system refers to one in which either nitrogen or oxygen containing CO; 
was bubbled through the incubation flask. 

t Tank N:2 containing CO2 was employed; therefore the system was only partially 
anaerobic. 

t Sample calculation, ‘‘acetyl’’ comprises 27 per cent of acetylsulfanilamide 


1 
on (200) (59) = 4.37 X 104 c.p.m. per mM ‘“‘acetyl”’ 
4.37 X 104 
100 = 3. 
DISCUSSION 


The transformation under consideration is demonstrated by the results 
of Experiments 1, 2, and 3 (Table I). After incubation of rabbit liver 
slices with succinate-1,4-C™ and sulfanilamide, whether aerobically or 
partially anaerobically, radioactivity was detected in acetylsulfanilamide 
isolated from the reaction products. The absence of contaminating radio- 
active succinylsulfanilamide was demonstrated by acid hydrolysis of the 
isolated product, distillation of the liberated acetic acid, and isolation from 
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essed f the distillate of its p-bromophenacy] ester with excellent accounting for all 
of the radioactivity initially present in acetylsulfanilamide. Degradation 
of the acetic acid formed, by treatment of its silver salt with bromine, 
showed that all of the radioactivity resided in the carboxyl carbon of the 
acetyl residue. Comparison of Experiments 1, 2, and 3 suggests that aero- 


‘ca biosis favors generation of acetyl (8) from sources other than the carboxy] 
) and 
ry CH-COOH CH2 COOH 
0=€-COOH | 
(4) HOCH - COOH |CH3 COOH | { | 
ivity | | (CH3 COOH | CH-COOH 
(¢) 0=¢-COOH O=€-COOH 
JL CH2 COOH 
O=C-COOH CH-COOH 
10! CH HOCH-COOH 
10! CO2 CH2 COOH CH2 COOH 
HOG - COOH C-COOH 
105 CH- COOH 
via cycle 11 
106 if 
HOC - COOH 
2 decarboxylations 
ally 
CH3 COOH 
Fig. 1. Various metabolic fates of succinic acid. See the text. Cis represented 
by heavy letters. 
carbon of succinate without marked influence upon the conversion under 
investigation. 
The several pathways whereby succinate-1,4-C“ might give rise to 
i acetate-1-C'4 are indicated in Fig. 1. The sole securely established fate of 


succinic acid in the mammal is oxidation to fumarate (Route 1). Acetate 
is known to arise from fumarate via malate, oxalacetate, and pyruvate, 
ve but such acetate would be unlabeled if carboxyl-labeled succinate served 


de as precursor. This sequence of reactions, although it doubtless serves as 
acs an important source of CO, in the present experiments, cannot account for 
he the CH;C“OOH produced. A further yield of C“O2 would be anticipated 
m 


in so far as the oxalacetate-1,4-C' formed might condense with acetyl- 
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coenzyme A (Reaction a, Fig. 1) to yield citrate. One circuit of the tri. 
carboxylic acid cycle, commencing with this citrate, would release both of 
the labeled carbon atoms as C“Qsz. 

The possibility has been considered that fixation of some of the C¥0, 
produced by the above reactions might account for the finding of isotope 
in the carboxyl carbon of acetate. Analogous fixation of COz into aceto- 
acetate by rat liver preparations has been found by Plaut and Lardy (9). 
Two lines of evidence point to the fact that fixation of C“Oz was not, in 
the present experiments, a major source of isotope in acetic acid. (1) 
In Experiment 4, non-isotopic succinate and radioactive bicarbonate were 
used. The bicarbonate in this system contained 70 times as much C" ag 
did the endogenously produced bicarbonate in Experiment 1 (Table 1), 
but the acetyl was only 63 per cent as rich in isotope as it was in Experiment 
1. Assuming perfect mixing between intracellular and extracellular bi- 
carbonate, it appears that less than 1 per cent of the radioactivity contained 
in the carboxyl of acetate was derived by CO: fixation. (2) In an exper: 
ment in which HOOC"“CD2CD.2C“OOH was used as substrate (Table II), 
about 76 per cent of the deuterium initially bound to the methylene carbons 
of succinic acid was present, relative to C, in the isolated “acetyl.” Al- 
though it is possible that the two isotopic labels may have entered acetyl 
by different pathways, the authors feel that the experimentally determined 
isotope ratio indicates that the observed synthesis of acetate from succinate 
proceeds, in large part, without rupture of the bond between carbon atoms 
1 and 2 of succinic acid. 

One possible fate of succinic acid to be considered is the hitherto un- 
demonstrated reductive carboxylation to yield a-ketoglutarate (Route 3, 
Fig. 1). The reversibility of all of the remaining steps of the tricarboxylie 
acid cycle has been established, and hence isotopic citric acid could arise 
by this route. This citrate might in turn act as an acetylating agent (10, 
11). If this pathway is operative, one would expect the 2 and 5 positions 
of free intracellular glutamate to be heavily labeled. It was observed, 
however, that about 98 per cent of the radioactivity in the glutamate re- 
sided in the a-carboxyl group. The very small amount of isotope in the 
remainder of the molecule indicates that reductive carboxylation of suc- 
cinate does not occur to any significant degree in this system. This obser- 
vation is in agreement with that of Hendler and Anfinsen (7). Also, the 
absence of C™ from the methyl carbon of acetate precludes the possibility 
of a conversion of succinate to citrate by reversal of the tricarboxylic acid 
cycle, because the cleavage of such citrate would have been expected to 
lead to the formation of both carboxyl-labeled and methyl-labeled acetate, 
the latter arising from the methylene-labeled oxalacetate (Route 3, Reac- 
tion d, Fig. 1). 
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The possible formation of acetate-1-C" by the sequence of reactions 
succinate-1 ,4-C'* — propionate-1-C'* — malonate-]-C' — acetate-1-C" 
seems to be improbable in view of the work of Lorber e¢ al. (12) who showed 
that propionate is not oxidized to a significant degree*via malonate by rat 
liver. 

The possibility that acetate may arise by cleavage of malate (Reaction b) 
or of oxalacetate (Reaction c) has been entertained. Evidence for the 
occurrence of the latter cleavage by Aspergillus niger has been presented 
by Lewis and Weinhouse (13), but such reactions have heretofore not been 
demonstrated in mammalian tissues. In the experiment with doubly la- 
beled succinate, the 76 per cent retention of deuterium, with respect to 


TABLE II 
Results of Doubly Labeled Succinate Experiment 
Co and Do represent the initial concentrations, and C; and D; represent the final 
concentrations of C'* and deuterium, respectively. 


Starting material, CH;CO~ moiety of : 
eed moiety of acetyl- 
HOOCHC D2C! acetylsulfanilamide po Degree of 
retention of 
deuterium 
content Radioactivity content Radioactivity ron 
alom per cent c.p.m. per atom per cent c.p.m. per 
32.5 3.00 * 105 0.27 3.21 X 103 93 122 76* 


* Per cent retention of deuterium = (93/122) X 100 = 76. 


C4, in the acetate does not rigidly exclude these cleavages, because, even 
though 50 per cent of carbon-bound hydrogen is lost in the reaction succi- 
nate — fumarate, the possibility exists that fractionation between hydrogen 
and deuterium has occurred in this system (14). 

A third possible fate of succinic acid, whereby carboxyl-labeled acetate 
may arise, is reduction of the bond between the 2 a-carbon atoms (Route 2, 
Fig. 1). Thunberg (15) and Wieland (16) proposed the reverse of such a 
reaction as a route of succinate biosynthesis, and evidence has accrued that 
this synthetic pathway occurs in yeasts (17), molds (18), bacteria (19-22), 
and animal tissue (23, 24). Evidence for the occurrence of a reduction of 
succinate to 2 equivalents of acetate has likewise been adduced in bacteria 
(21) and animals (23, 25). The data obtained in the present study, while 


not definitively indicating the occurrence of this reaction, are compatible 


with such a mechanism. 
Considered in its entirety, the evidence here presented indicates (1) that 
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the conversion of succinate to a-ketoglutarate by reductive carboxylation 
of succinate does not occur to any significant degree in this system; (2) 
that, although the carboxyl carbon of acetate is derived in small part by 
carbon dioxide fixatton, the major portion of the isotope found to be pres. 
ent in the isolated carboxyl-labeled acetyl probably did not arise by this 
pathway; (3) that the degradation of one of the dicarboxylic acids with. 
out rupture of the bond between carbon atoms | and 2 is probably largely 
responsible for the generation of acetate-1-C from succinate-1 ,4-C" in this 
system. 


SUMMARY 


The conversion of succinate to acetate by rabbit liver slices has been 
studied with succinate-1,4-C" as precursor and sulfanilamide as an acetyl- 
trapping agent. The isotope has been shown to reside exclusively in the 
carboxyl group of the acetate-C" formed. 

Of the several possible mechanisms for this transformation, total reversal 
of the tricarboxylic acid cycle via the hypothetical reductive carboxylation 
of succinate to a-ketoglutarate has been shown to be inoperative in this 
system. Also, carbon dioxide fixation, although occurring to a small ex- 
tent, was ruled out as a major route. The main pathway for this con- 
version appears to involve the degradation of one of the dicarboxylic acids 
without rupture of the bond between carbon atoms 1 and 2 of succinic acid. 
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GLUCURONOLACTONE AND SACCHARATE, TWO INHIBITORS 
OF THE SYNTHESIS OF m-AMINOPHENYL GLUCURONIDE 
BY RAT LIVER SLICES* 


By HSIEN-GIEH SIE anp WILLIAM H. FISHMAN 


(From the Cancer Research and Cancer Control Unit and the Department of 
Biochemistry and Nutrition, Tufts College Medical School, and the Cancer 
Research Laboratory of the New England Center Hospital, 

Boston, Massachusetts) 


(Received for publication, November 16, 1953) 


Conflicting reports have appeared concerning the utilization by surviving 
tissue slices or tissue homogenates of glucuronic acid for the conjugation of 
alcohols and phenols. Thus, no effect was observed, except in combination 
vith ascorbic acid on the formation of D-bornyl glucuronide by surviving 
guinea pig liver slices (1); a stimulation was noted of the synthesis of con- 
jugated m-aminophenol by a KCl homogenate of rat liver (2); and an in- 
hibition of the synthesis of o-aminophenyl glucuronide by mouse liver 
ices was reported (3). 

Likewise, uncertainty exists with regard to the ability of saccharate to in- 
hibit o-aminopheny] glucuronide formation by surviving liver slices. Thus, 
sccharic acid (4) or saccharo-1:4-lactone (5) had no marked effect on this 
ynthesis, whereas Storey, using the method of Levvy and Storey (6), 
demonstrated an inhibiting effect of saccharate (3). 

In the present study an analytical system was devised which provides 
quantitative information regarding the extent of synthesis of glucuronide 
‘and sulfate ester conjugates as well as the amount of unchanged m-amino- 
phenol, thereby permitting an estimate of the importance of other routes 
for the metabolism of aminophenol. The conjugation of m-aminophenol 
by rat liver was the system chosen for study in view of the report (2) that 
sucuronate stimulated m-aminophenol conjugation by rat liver homogen- 
ate. This approach has produced a much clearer picture of the conjuga- 
tion of m-aminophenol in vitro and establishes that glucuronolactone (not 
gucuronate) and potassium acid saccharate are inhibitors of glucuronide 
conjugation in the system described therein. 


* This investigation was supported in part by an institutional grant from the Da- 
non Runyon Memorial Fund for Cancer Research, by the National Cancer Institute, 
National Institutes of Health, United States Public Health Service, and by an in- 
stitutional grant from the American Cancer Society, New York. Our appreciation 
to the Corn Products Refining Company is expressed, both for supplies of pure 
glucuronic acid compounds and for support of this research. 
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Method 


The following outline provided the basis for the separate analysis of 
m-aminophenyl glucuronide, m-aminopheny! sulfate, and m-aminophenol 
in their mixtures. 

Princitple—Unchanged m-aminophenol in the incubation mixture was 
determined by the Folin-Ciocalteu reaction after its separation by ethy| 
acetate extraction. The sum of the glucuronide and sulfate ester con. 
jugates of m-aminophenol (A) in the aqueous layer was measured by 4 
color reaction, based on the diazotization of the free amino group and its 
coupling with N-(1-naphthyl)-ethylenediamine. Acid hydrolysis under 
standard conditions split the sulfate ester, but not the glucuronic acid con- 
jugate, permitting a colorimetric analysis of the unaltered m-aminopheny! 
glucuronide (B) by means of the same diazotization and coupling tech. 
nique. ‘The amount of the sulfate conjugate was obtained by difference 
(A—B). 

Reagents—Krebs-Ringer bicarbonate buffer (7); m-aminophenol (puri- 
fied by decolorization with Norit in aqueous solution and by two recrystal- 
lizations from H2Q); trichloroacetic acid reagent (2); ammonium sulfamate 
and N-(1-naphthyl)-ethylenediamine dihydrochloride; dilute Folin-Ciocal- 
teu reagent, freshly prepared (1 part of stock solution is mixed with 2 
parts of water). 

Experimental Design—Adult male rats (200 gm. approximately) were 
killed by dislocating the vertebrae. The livers were removed by rapid 
dissection and cooled in ice, and thin slices were cut free-hand with a razor 
blade. Each experiment was carried out in quadruplicate. The slices 
(approximately 100 mg. in weight) were then suspended. in Krebs-Ringer 
bicarbonate buffer at pH 7.3 in the presence of 2.3 & 10-4 M m-aminophenol 
in a total volume of 4.0 ml. The MgSO, component of the system was 
‘replaced by an equimolar amount of MgCls. The mixtures were shaken 
for 2 hours in air at 38° in a Dubnoff shaking incubator. At the end of 
the reaction, 0.5 ml. of H2O plus 4.5 ml. of trichloroacetic acid reagent (pH 
2.7) was added. ‘The liver slices were removed immediately and rinsed 
with water, and the dry weight was determined at 100°. The incubation 
mixtures were centrifuged. 

All compounds added to the medium were dissolved in isotonic KC 
solution of pH 7.3 so that an addition of 0.4 ml. of such a solution gave the 
desired final concentration of the compound in the digest. The amount of 
Krebs-Ringer bicarbonate buffer was reduced correspondingly to maintain 
a final volume of 4.0 ml. 

Ascorbic acid (0.001 m) had no effect on glucuronide synthesis, nor was 
it required to prevent the possible autoxidation of m-aminophenol. 

The experimental data illustrated in Table III have all been confirmed 
by a duplicate set of identical experiments. 
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Unchanged m-Aminophenol—Of the supernatant solution, 7.2 ml. were 
adjusted to pH 5.8 (glass electrode) by adding 1.8 ml. of m acetate buffer 
(pH 5.8) and the required amount of 2 N NaOH solution. The free m- 
aminophenol was extracted from 8.0 ml. of this mixture with 10 ml. of 
ethyl acetate, the aqueous layer being reserved for the subsequent analysis. 
1.0 ml. of the ethyl acetate extract was pipetted into a glass-stoppered 
boiling tube and was shaken with 1.0 ml. of dilute Folin-Ciocalteu reagent 
plus 7 ml. of N NaeCO; solution. After incubation at 37° for 20 minutes 
for color development, the aqueous layers were transferred to Evelyn 
cuvettes and the optical density was computed from transmittance read- 
ings in an Evelyn photoelectric colorimeter made at 565 my against a 
reagent blank. The amount of aminophenol was obtained by substituting 
these values into a calibration curve relating optical density to the concen- 
tration of pure m-aminophenol. 

Sum of m-Aminophenyl Glucuronide and m-Aminophenyl Sulfate (A)— 
The aqueous layer (3.0 ml.) was adjusted to pH 3.0 (glass electrode) with 
2n HCI and the final volume recorded. Of this mixture, 2.0 ml. and, in 
the case of large amounts of conjugates, 1.0 ml. were made up to 4 ml. 
with 0.25 m trichloroacetic acid reagent. To this was added 1.0 ml. of 
0.05 per cent sodium nitrite and the solution was mixed well. After 3 min- 
utes, 1.0 ml. of 0.5 per cent ammonium sulfamate was added, and 2 
minutes after mixing 1.0 ml. of 0.1 per cent N-(1-naphthyl)-ethylenedia- 
mine dihydrochloride was added. ‘This well mixed solution was allowed to 
stand for 20 minutes and was then centrifuged at 2000 r.p.m. for 20 min- 
utes. The optical density of each solution was obtained from transmittance 
measurements read against a reagent blank at 565 my. The amount of 
the two conjugates was obtained by referring the calculated optical density 
toa calibration curve relating optical density to millimoles of pure m-ami- 
nophenyl glucuronide. Both the glucuronide and sulfate of m-amino- 
phenol produce equivalent intensities of color by diazotization and cou- 
pling, as described. Pure m-aminophenyl glucuronide was kindly supplied 
by Dr. R. T. Williams of London and pure m-aminopheny! sulfate by Dr. 
R. W. McGilvery of Madison. 

m-Aminophenyl Glucuronide (B)—The aqueous layer (4.0 ml.) was heated 
in a boiling water bath at 100° for 10 minutes with 1.0 ml. of 5 Nn HCI solu- 
tion. After being cooled in running tap water, the mixture was neutralized 
with 5 n NaOH to pH 5.8 (glass electrode). The m-aminophenol liberated 
from the sulfate conjugate was removed by extraction with 10 ml. of ethyl 
acetate and the extract discarded. 5 ml. of this aqueous layer were ad- 
justed to pH 3.0 (glass electrode) with 2 N HCl solution, and the same 
procedure was performed as for diazotization of the amino group and sub- 
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sequent reaction with the coupling reagent, yielding a value for m-ani.- 
nopheny] glucuronide. 

m-Aminophenyl Sulfate—This value was obtained by computing the 
difference between A and B. 

Evaluation of Scheme of Analysts—In Table I is found a summary of 
certain properties of m-aminophenol and its individual conjugates (sulfate, 
acetyl, and glucuronide) which concern the validity of the scheme of analy. 
sis to be discussed. 

The relation of the pH of the mixture which is diazotized to the specificity 
of the reaction is shown in Fig. 1. In our hands, the most satisfactory pH 
was found to be 3.0, not 2.7, since at the latter pH m-aminophenol contrib- 
utes considerably to the color of the diazotized mixtures. Recovery exper- 


TABLE I 
Characteristic Reaction of m-Aminophenol and Its Conjugates 
Extent of color 
Di d Hydrolysi 
F aqueous at 1 
reaction solution for 10 min. 
(pH 5.8) 
per cent per cent 
m-Aminophenol................ Strong + 100* 0* 
m-Aminophenyl sulfate....... Faint + 0 100 
m-Aminopheny] glucuronide....| Moderate + 0 0 
Acetyl-m-aminophenol......... Strong - 50 0 


* The values in these two columns are reliable within the limits of sensitivity of 
the method. 


‘ments performed on mixtures of m-aminophenol, its glucuronide, and its 
sulfate made up in the regular incubation solution are shown in Table II. 


Experiments and Results 


Validity of Present Scheme of Analysis—There is no doubt that the esti- 
mation of the sulfate and glucuronide conjugates of m-aminophenol cannot 
be accurate in the presence of free m-aminophenol in the mixture (Table 
I; Fig. 1). The elimination of this compound from the mixture by extrac- 
tion with ethyl acetate does permit a satisfactory recovery of each of the 
two conjugates and of the free aminophenol. Furthermore, it is clear that 
the adjustment of the pH of the solutions to 3.0 prior to diazotization 1s 8 
necessary requirement for accuracy, inasmuch as the use of buffered tn- 
chloroacetic acid (2, 6) yielded filtrates which were, as a rule, not uniform 
with respect to the final pH (often 3.1 and 3.2), a circumstance which 
would yield falsely low values (see Fig. 1). 
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The use of acid hydrolysis permits the separate determination of the 
sulfate and glucuronide conjugates (Table I). m-Aminopheny] sulfate is 
completely hydrolyzed by hydrochloric acid under the present experimental 
conditions, whereas the glucuronide is not affected (Table 1). Similarly, 
in the case of o-aminophenol, its sulfate ester is readily hydrolyzed in dilute 
mineral acid, while the glucuronide is completely resistant (3, 6). The 
acetyl-m-aminophenol is not hydrolyzed by Nn HCl at 100° for 10 minutes. 


- AMINOPHENYLGLUCURONIDE 
AMINOPHENYLSULFATE 
104 °° m- AMINOPHENOL 


27 28 29 30 3!i 32 33 34 
pH 
Fic. 1. Optical density of diazotized mixtures of m-aminophenol and its two con- 
jugates as a function of pH. The concentrations, in micromoles per liter, of the 
solutions of these three compounds were as follows: m-aminophenol 230, m-amino- 
phenyl glucuronide 5.8, and m-aminopheny] sulfate 4.7. Similar concentrations of 
these compounds are found in the tissue digests after incubation. 


The possibility of the formation of acetyl-m-aminophenol (8) and its 
interference in the analysis for sulfate ester and glucuronide were con- 
sidered. First, the failure of acetyl-m-aminophenol to give a positive 
diazo reaction before or after acid hydrolysis excludes it from the analytical 
figures for glucuronide and sulfate. Inasmuch as 50 per cent of it is ex- 
tracted by ethyl acetate and since the acetyl compound gives a positive 
Folin-Ciocalteu reaction, the figures for free m-aminophenol probably in- 
clude a fraction of the acetylated aminophenol. The unextracted portion 
of the acetylated compound may be expected to be included in the m- 
aminophenol not accounted for and therefore attributed to other meta- 
bolic pathways. 
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Since the interest of this investigation concerns primarily the field of 
glucuronide formation and secondarily that of sulfate conjugation, it was 
not considered desirable at this time to characterize further the extent of 
acetylation of m-aminophenol. 

Synthesis of m-Aminophenyl Glucuronide by Surviving Rat Liver Slices— 
Although in most of the rat livers studied, the rate of glucuronide forma. 
tion ranged between 4 and 6 um per gm. per hour, some livers registered as 
low as 1.0 and some as high as 15.0 um per gm. per hour. There was also 
observed a degree of variability in the fraction of m-aminophenol which 


TABLE II 


Recovery Experiments Performed on Mixtures of m-Aminophenol, m-Aminophenyl 
Sulfate, and m-Aminophenyl Glucuronide 


m-Aminophenol m-Aminopheny] sulfate 
Experiment No. 
Recovery Recovery Recovery 
um X 108 per cent um X 103 per cent um X 108 per cent 
1. Mixture 690 140 120 
Found 660 95.7 130 92.9 110 91.7 
2. Mixture 690 140 36 
Found 630 91.3 120 85.7 33 91.6 
3. Mixture 690 140 36 
ee 660 95.7 140 100.0 34 94.4 
4. Mixture 690 63 71 
al 710 103.0 65 103.1 71 100.0 
5. Mixture 690 88 71 
Pia 610 88.5 90 102.3 73 102.8 
Average........... 94.8 96.8 96.1 


was metabolized along pathways other than sulfate ester and glucuronide 
synthesis, ranging from 10 to 30 per cent of the m-aminophenol originally 
present. These variations did not influence the results of any given ex- 
periment, since one rat liver supplied the material for both control and ex- 
perimental test runs. Whenever inhibitor effects on conjugation were 
found in a first experiment, the experiment was repeated several times, 
and the results were found to be consistent with respect to the effect on 
rate of conjugation, regardless of the extent of the initial rate or of the other 
metabolic pathways. The degree of variation in results of quadruplicate 
experiments was of the same order reported by others (3, 6). 

The lack of sulfate conjugation of m-aminophenol was consistently ob- 
served in control experiments, this reaction being stimulated only by the 
presence of inorganic sulfate. Differences in genetic strain of rats were 
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found earlier by De Meio (9) to influence the degree and type of phenol 
conjugation. ‘The Wistar strain of rats was the only one used in the pres- 
ent experiments. 

Effect of Potassium Glucuronate and Glucuronolactone—Whereas glucu- 
ronolactone produces a 78 to 94 per cent inhibition of m-aminopheny] 
glucuronide by rat liver slices under the present experimental conditions 
(see the examples in Table III), the addition of potassium glucuronate to 
the incubation mixture did not cause an increase in the amount of m- 
aminophenyl glucuronide. Three possible explanations for this absence 
of effect may be suggested. Thus, the supply of endogenous glucuronic 
acid was at all times adequate for the conjugation of the minute amounts 
of m-aminophenol present, or glucuronate does not readily enter the liver 
cell, or some unrecognized feature of the conditions in vitro was not satis- 
factory for showing a stimulating effect of glucuronate. 

The present experiments demonstrate clearly that it is glucuronolactone 
and not glucuronic acid that inhibits the synthesis of m-aminopheny] glu- 
curonide. These results are compatible with those of Storey (3), inasmuch 
as his glucuronate solution probably contained some glucuronolactone, 
judging. from the method of conversion of glucuronolactone to glucuronic 
acid. 

Effect of Potassium Acid Saccharate—In 0.02 m concentration, saccharate 
inhibited m-aminophenylglucuronic acid synthesis by rat liver, figures of 
from 41 to 80 per cent inhibition being noted. This finding is at least 
qualitatively similar to the 41 per cent inhibition of o-aminophenyl glu- 
curonide synthesis in mouse liver slices reported by Storey (3). Dilute 
solutions of saccharate (0.0001 m) fail to inhibit synthesis. This may ,ex- 
plain the negative results of others (4, 6). ) 

Effect of Glucuronolactone and Potassium Acid Saccharate on m-Amino- 
phenyl Sulfate Synthesis (Table ITT)—In systems in which the synthesis of 
the sulfate ester was stimulated by the presence of inorganic sulfate, no 
depression in the amount of glucuronide synthesis was observed. Inhibi- 
tion of m-aminophenyl] glucuronide formation by glucuronolactone in the 
presence of sulfate did not cause any change in the rate of synthesis of 
sulfate ester. On the other hand, potassium acid saccharate depressed the 
synthesis of both glucuronide and sulfate ester 41 to 79 per cent and 51.3 
to 56.6 per cent, respectively. These observations indicate (1) that, under 
the present experimental conditions, the formation of the sulfate ester and 
of the glucuronide of m-aminophenol has no reciprocal relationship, but 
represents independent pathways of m-aminophenol metabolism, and that 
(2) glucuronolactone inhibits glucuronide synthesis in a more specific man- 
ner than does potassium acid saccharate. 

In the case of o-aminophenol, Storey (3) reported an inhibition of glu- 
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curonide synthesis by inorganic sulfate which caused the formation of ad. 
ditional amounts of the sulfuric acid conjugate. While the latter finding 
is similar to the present results, the first is not. This discrepancy may be n 
el 
III \ 
Some Factors Which Influence Rate of m-Aminophenol Conjugation by Surviving Rat | 4 
Liver Slices 
Per cent total fo 
Metabolites added m-aminophenol 
accounted for th 
Rate of Ra 
As glucur- Per cent Per cent 
onide | formation,| hibi- | forma- inhibi- ide 
Potassium Potassium sulfate phenol |ust per gm.| tion |tion, uM per tion 
glucuro- acid ester per hr. gm. per hr. ca 
nate, 0.02) 9 97 |Saccharate,, 0.0048 |[conjugates| 
0.02 m and as free al other po 
“phenol | Pathways ot! 
— | 74.1 | 25.9 | 0 2.12 al 
74.6 | 25.4 | 0 2.00 
ter 
_ 90.8 | 9.2 | 0 3.82 
_ + —- -- 91.3 8.7 0 0.23 | 94.0 tiv 
sid 
— | 81.5 | 18.5 | 0 5.87 glu 
+ 87.8 12.2 2.26 6.24 
+ _ _ + 91.9 | 8.1 | 2.31 6.41 ii 
Cor 
80.4 19.6 0 15.11 luls 
+ 86.6 13.4 1.60 20.88 7 
_ + - + 72.2 29.8 1.81 0.27 | 98.3 rea 
- | - - — | 93.3 | 6.7 | 0 81 - 
| 9.9 | 9.1 | 0 1.19 | 68.8 {or 
tissi 
81.6 18.4 0 5.81 mat 
- - - + | 83.3 | 16.7 | 6.45 5.06 lai 
_ _ + + 78.4 21.6 3.14 | 51.3 3.42 | 41.2 T 
80.5 | 19.5 | 0 5.20 syni 
_ _ + — 81.7 | 18.3 | 0 2.07 | 60.2 SI 
+ an + — | 84.1 | 15.9 | 0 2.40 | 53.8 gluc 
glue 


due to the difference in the scheme of analysis employed for differentiating | 
sulfate and glucuronide conjugates. For example, Storey did not remove 
unchanged o-aminophenol from the incubation mixtures prior to analyzing tina 
them for conjugates, and his figures for ester phenol were obtained by the Pie 
difference between free phenol and total phenol (after acid hydrolysis). of ra 
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real interest. 
_nate for active centers of a specific enzyme system concerned with conjuga- 
tion is an attractive one. 
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DISCUSSION 


In attempting to interpret the present results, it is important to distin- 
guish between the pathway of glucuronic acid formation and that of glu- 
curonic acid conjugation, a distinction which has received little attention. 
Accordingly, factors which have been demonstrated to influence glucuron- 
ide synthesis (1, 3), such as anaerobiosis, cyanide, iodoacetate, fluoride, 
azide, and dinitrophenol, are obviously concerned with glucuronic acid 
formation from glycogen, glucose, or 3-carbon intermediates or all of 
these, metabolites which are intimately connected with tissue respiration. 
Hence, the failure of glucuronic acid (stated to be an inhibitor of glucuron- 
ide synthesis (3)) to reverse the depression of synthesis of glucuronide 
caused by these agents cannot reasonably be taken as evidence for a sup- 
posed inability of glucuronate to engage in a conjugation reaction. On the 
other hand, results obtained in intact animals with labeled glucose and glu- 
curonic acid (10, 11) indicate that the intact molecule of glucuronic acid is 
utilized by the mammalian organism for conjugation with aromatic or 
terpene alcohols. That some of the exogenous glucuronic acid possibly un- 
dergoes molecular rearrangement during metabolism or that quantita- 
tively the amount of glucuronic acid undergoing conjugation is low are con- 
siderations which do not lessen the significance of the fact that exogenous 
glucuronic acid does enter directly into conjugation. It remains to be 
proved that the utilization of the intact molecule of glucuronic acid for 
conjugation is a process which has a large obligatory requirement of cel- 


lular energy derived from cell respiratory processes. 


The inhibiting effect of glucuronolactone on glucuronide synthesis is of 
The concept of a competition by the lactone with glucuro- 


On the other hand, the lactone may inhibit a 
tissue system which is responsible for the last steps in glucuronic acid for- 
mation. In either instance, some type of competitive inhibition is en- 
visioned. 

The inhibition by potassium acid saccharate is less specific, since the 
synthesis of both sulfate and glucuronide is depressed. 

Should glucuronolactone prove to be a specific inhibitor of all types of 
glucuronide syntheses, this would provide a valuable tool in the study of 


glucuronic acid metabolism. 


SUMMARY 


1. A scheme of analysis has been devised for the components of a mix- 
ture in aqueous solution of m-aminophenol, m-aminopheny] sulfate, and 
m-aminophenyl glucuronide. This permitted a critical study of the ability 
of rat liver to form conjugates of m-aminophenol. 
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2. Glucuronolactone and not glucuronate is an effective inhibitor of the 
synthesis of m-aminopheny] glucuronide, but not of m-aminopheny! sulfate, 

3. Potassium acid saccharate is an inhibitor of the synthesis of both the 
sulfate ester and glucuronide of m-aminophenol. 

4. Inorganic sulfate stimulated m-aminophenyl sulfate formation, but 
did not depress glucuronic acid conjugation. 
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BIOCHEMICAL STUDIES OF VIRUS REPRODUCTION 
XII. THE FATE OF BACTERIOPHAGE T7* 


By R. P. MACKAL anno LLOYD M. KOZLOFF 
(From the Department of Biochemistry, University of Chicago, Chicago, Illinois) 


(Received for publication, January 25, 1954) 


Extensive studies concerned with the fate of isotopically labeled infect- 
ing virus particles have been reported with Escherichia coli, bacteriophages 
T2, T4, and T6 (1-5). These closely related phages are similar in many 
physiological and chemical characteristics, and experiments in which they 
have been used have given essentially identical results. In contrast, ex- 
cept for a few experiments with T3 (6), technical difficulties have hindered 
studies of the fate of the other dissimilar ‘“T”’ viruses. This paper is con- 
cerned with the fate of bacteriophage T7. 

T7 possesses several properties and differences that make its study de- 
sirable: (a) It has a relatively short latent period of growth in contrast to 
T2 or T6. This short latent period and absence of lysis inhibition mini- 
mize the possibility of non-specific exchange reactions obscuring or alter- 
ing the distribution of parental material occurring after infection. (b) It 
shows less tendency than T2 or T6 to be readsorbed on bacterial débris. 
With the latter phages special techniques (6) had to be used to prevent re- 
adsorption in order to determine the true yield of virus. (c) T7 bacterio- 
phage does not exhibit the phenomenon of multiplicity reactivation when 
inactivated by ultraviolet sight. | 

T7 bacteriophage has been isotopically labeled and used to infect host 
cells under a variety of conditions. A certain fraction of the atoms of 
parent T7 virus is contributed to the viral progeny, but no correlation has 
been found between the transfer of parental material and the reproductive 
process. 


Methods 


Preparation, Isolation, and Analysts of T7 Virus—The bacterial virus T7, 
parasitizing EZ. coli, strain B, was used. The growth and purification of 
T7 virus have been described (7). Labeled virus was prepared by substi- 


* Aided by grants from The National Foundation for Infantile Paralysis, Inc., 
and the Dr. Wallace C. and Clara A. Abbott Memorial Fund of the University of 
Chicago. The work reported here was taken in part from a thesis submitted by R. 
P. Mackal to the Division of Biological Sciences of the University of Chicago in par- 
tial fulfilment of the requirements for the degree of Doctor of Philosophy, June, 
1953. 
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tuting the isotope for the normal component of the medium. The various 
analytical methods were similar to those used earlier (7). The criteria of 
purity of the virus preparations were infectivity, ultracentrifugal homo. 
geneity (7), and purification to constant isotopic activity. 


EXPERIMENTAL 


Adsorption of Bacteriophage T7—The initial reversible combination be. 
tween phage and bacteria is followed by an irreversible step during which 
the phage can no longer be separated from the host cell (8). The first step 
is sensitive to the ionic environment. T7 adsorbs optimally in low ionic 
strength media (7) (0.0001 m MgSO, and 0.0001 m phosphate buffer, pH 
7.0). It was found that the addition of various salts to the adsorption 
medium, such as a mixture of KCl] and NaCl (2:1 by weight) at a final con- 
centration of 5 per cent, prevented adsorption and caused the release of 
all phage which was not irreversibly bound to bacteria. By this technique 
the various stages in adsorption were studied separately. 

Fig. 1 shows the kinetics of the first two stages of adsorption and the 
effect of two different temperatures on the two stages. The first step, 
which is reversible and which depends on the ionic environment, is largely 
independent of temperature, while the rate of the second step, in which the 
virus is irreversibly bound, does depend on the temperature. 

The ability of the bacteria to bind T7 bacteriophage irreversibly did not 
reside in any heat-sensitive component. Host cells which had been heated 
at 75° for as long as 20 hours still bound T7 irreversibly. 

Breakdown of Labeled Virus wpon Adsorption—Evidence obtained by 
Kozloff with T6 (9) and by Lesley eé¢ al. with T2 (10) indicated that part of 
the N and P of the virus became soluble in trichloroacetic acid or non-sedi- 
mentable shortly after the adsorption of the virus particle to the host cell. 
Highly purified T7 virus labeled with P® was adsorbed to bacteria at aver- 
age multiplicities of 0.1, 2, and 16 in the low ionic strength adsorption 
medium. The bacterial concentration was 4 X 10°, except when the multi- 
plicity of infection was 0.1, in which case the bacterial concentration was 
8 X 10° per ml. Experiments were performed at 3° and 37° with both 
live and heat-killed bacteria. In each case 10 ml. samples were removed 
at suitable intervals and placed in chilled tubes. Salt solutions were added 
to make a final concentration of 5 per cent to stop further adsorption and 
the samples were centrifuged for 15 minutes at 6000 XK g. The supernatant 
solutions were assayed to determine per cent irreversible adsorption. A 
second such series of samples was taken and centrifuged at 13,000 X g for 
4 hours; hence over 90 per cent of the remaining unadsorbed phage was 
sedimented. The radioactivity of the final supernatant solution was cor- 
rected for any non-sedimented phage. Non-viral P*? appeared during the 
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adsorption process. The kinetics of the process were followed by measur- 
ing the increase of radioactivity per phage particle remaining in the high 


speed supernatant. 
killed bacteria, are shown in Fig. 2. 


Data of this sort, obtained by using live and_heat- 
It is clear that with live bacteria some 
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Fic. 1. Adsorption of T7 on bacteria in dilute phosphate buffer (0.0001 m MgSO; 
0,0001 m PO,, pH 7.0). A, total adsorption at 3° or 37° with a bacterial concentration 
of 1 X 10° cells per ml. and an average multiplicity of infection of 6. O, adsorption 
at 37° after the addition of 5 per cent salts; the bacterial goncentration was 2 X 10° 
cells per ml. and the average multiplicity of infection 16. O, adsorption at 3° after 
the addition of 5 per cent salts; the bacterial concentration was 2 X 10° cells per ml. 


and the average multiplicity of infection 16. : 


viral P?2? becomes non-sedimentable and the amount increased with in- 
creasing temperatures of the environment. Theslight initial drop in counts 
per phage observed with live bacteria at 3° is within the experimental error 
of the measurements. On the other hand, with heat-killed bacteria, while 
adsorption takes place, as has already been discussed, no release of P® from 
the virus occurs. The multiplicity of infection had no effect on the rate 
and total amount of the P® released, which ranged from 6 to 12 per cent of 
that present in the viral particle. 
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Transfer of P and N from Parent to Progeny—In these isotopic transfer 
experiments, purified labeled virus was adsorbed on washed bacteria, sus- 
pended in 200 ml. of adsorption medium of low ionic strength. After allow. 
ing 7 to 10 minutes for adsorption, concentrated KCl-NaCl solution was 
added to give a final concentration of 5 per cent to remove all reversibly 
bound phage. The bacterial-virus complex was then sedimented in the 
angle centrifuge at 6000 < g for 15 minutes and the unadsorbed virus re. 
maining in the supernatant solution was assayed. The bacterial viral pel- 
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Fig. 2. Increase of counts per infective unit in the high speed supernatant solu- 
tion due to breakdown of P**-labeled T7 virus during adsorption. The kinetics of 
the fission process can be followed by plotting the apparent counts per infective unit 
remaining in the high speed supernatant solutions after periods of adsorption. 


let was suspended in 4 liters of lactate medium (7) at a bacterial concen- 
tration of about 4 to 5 X 108 cells per ml. After these operations there 
was at least one T7 phage irreversibly bound to each bacterium. Small 
samples were withdrawn and sedimented at 6000 X g for 15 minutes and 
the supernatant solutions assayed for free phage. ‘These measurements 
were used to correct for any desorption of parent virus. The system was 
incubated at 37° until lysis was complete. Under these conditions more 
than 95 per cent of the cells were infected irreversibly and a single genera- 
tion of progeny was produced (7). Typical results are given in Table I. It 
is clear that about 20 to 30 per cent of the parental P* appeared in the pro- 
geny. Fractionation of the progeny showed that at least 90 per cent of the 
transferred P® was in the viral nucleic acid. 
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The amount of transfer of N'* from parent to progeny can be seen from 
Table II. ‘The presence of any N"® in the progeny protein would be of 
special interest because of the results of Hershey and Chase (5) that only 1 
per cent of the parental T2 S* is found in the progeny, when infected 
bacteria are agitated in a Waring blendor and viral membranes are re- 
moved. Only a small amount of parental N' was found in the progeny 
protein after correction for reisolated desorbed parent virus. The amounts 


TABLE 
P? Transfer from Parent to Progeny 


Parent T7, counts per y of P per min...................... , 4000 540 
Progeny T7, counts per y P per min.......... 94 7.6 
Yield of progeny per parent................ 13.5 12.6 


* Sample calculation based on counts per microgram of P per minute. Yield of 
progeny T7 per parent T7 = 13.5. Specific activity of parent T7 = 4000 c.p.m. per 
yof P. ‘Specific activity of progeny T7 = 94c¢.p.m. per y of P. Per cent of parent 
Pin progeny = (100 X 13.5 X 94)/4000 = 32. The average multiplicity of infec- 
tion was 3 to 4. 


TABLE IJ 
Transfer of N'® to Progeny Nucleic Acid and Protein 
Experiment No. Nucleic acid N's Protein N15 > nucleic | ‘Transfer to protein 
atom per cent excess | atom per ceni excess per cent per cent 
25 0.50 0.25 12 3 
28* 0.40 0.28 9 4 


* Irradiated parent virus. 


found varied from 3 to 4 per cent. Such small amounts may not represent 
areal transfer of N to progeny protein because of the relatively large de- 
sorption correction in these experiments of about 3 to 6 per cent. It can 
be concluded that there is a real transfer of parental N and P to the progeny 
nucleic acid, but that the transfer of N to the progeny protein is minimal, 
if it occurs at all. 

The nature of the material contributed to the progeny nucleic acid is 
of considerable interest. In Experiment 25 (Table I) the parent virus was 
doubly labeled with N' and P®. It was found that ((progeny nucleic acid 
N")/(parent nucleic acid N'))/((progeny nucleic acid P*?)/(parent nucleic 
acid P%?)) equaled 0.80 when specific activities were compared. These 
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values for the progeny were uncorrected for desorbed parent virus. Any 
correction for desorbed parent virus would tend to lower the value of the 
ratio, making it comparable to the 0.6 to 0.7 values obtained previ- 
ously with T6 (3). It is apparent that relatively more parental nucleic 
acid P than N is contributed to the progeny. 

Transfer of N'* from Irradiated Parent to Progeny—N'*-labeled T7 was 
irradiated with ultraviolet light for 10 and 30 minutes at 20 cm., amount. 
ing to an average of 20 and 60 hits per phage, respectively. One hit is de. 
fined by the relation S = e—, where S is the fraction of survivors and his 
the number of hits. This irradiated parent virus was mixed with live, un- 
labeled T7 in a ratio of about 1:1 to insure viral growth. Irradiated virus 
is adsorbed and penetrates the host cell under these conditions (3). These 
mixtures were used to infect bacteria and the progeny was isolated and 
fractionated as in the experiments with the unirradiated virus. The results 
are shown in Table II. In all cases the quantitative and qualitative proper. 
ties of the N transfer of the irradiated virus were similar to the non-irradi- 
ated values. The parent N contribution appears to be independent of 
damage caused by ultraviolet radiation. 

Transfer of P** between Genetically Unrelated Phages during Mutual Ez- 
clusion—T7 was prepared and labeled with P® as has been described. Un- 
labeled T6r+ was added to 500 ml. of lactate medium containing 2.9 X 10 
bacteria per ml. at an average multiplicity of 6 and incubated for 5 minutes 
at 37°. Then P®-labeled T7 was added at an average multiplicity of 4 and 
the infected cells were incubated with aeration at 37° until lysis was com- 
plete. Under these conditions T6 multiplies while T7 is excluded. The 
total virus mixture, consisting of T6 progeny, some intact desorbed labeled 
T7, and a very small amount of progeny T7, was separated from non-viral 
material by differential centrifugation. T6 progeny was isolated from 4 
' portion of these mixtures after treatment with the bacterial mutant B/6 
to remove the T7. The T6 isolated from this experiment contained 3.7 per 
cent of the P® originally present in the T7. 


DISCUSSION 


This paper presents data indicating that the interaction of bacteriophage 
T7 with a susceptible host consists of several successive steps. The first 
step in the adsorption of T7 is sensitive to the ionic environment and can be 
reversed by changing the ionic content of the adsorbing medium. This 1s 
in agreement with the work of Puck, Garen, and Cline with T1 (11). The 
data presented for T7 indicate that one can distinguish two phases beyond 
the initial reversible adsorption. One of these involves the irreversible 
binding of the virus. It occurs at a rate dependent on the temperature of 
the environment and is independent of metabolic activity on the part of 
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the host cell since it occurs with heated cells. The third phase involves 
fragmentation or splitting of the virus particle and depends on the tempera- 
ture of the medium. It does not occur with heat-inactivated bacterial 
cells. The fact that the number of virus particles added per bacterium has 
no effect on the breakdown of the T7 suggests that each virus particle meets 
the same fate. However, one cannot distinguish with certainty whether all 
virus particles are broken down partially or whether some of them are com- 
pletely destroyed. Since virus preparations exhibit a high degree of homo- 
geneity (7, 12), the latter explanation would imply that a constant portion 
of the bacterial population exhibits heterogeneity with respect to the mecha- 
nism of virus adsorption. The physiological significance of the release of 
viral P is not clear, although it appears reasonable to suggest that it associ- 
ated with the molecular changes in the virus particle involved in the further 
processes of virus reproduction. 

In the earlier experiments with T6 (3) it was concluded that the trans- 


' mission of parental material was not correlated with the transfer of herit- 


able properties. All the results on the transmission of T7 parental material 
to the progeny are similar to those obtained with the ‘“T”’ even viruses and 
support the same conclusion. The present evidence strongly suggests that 
the material found in the progeny is largely, if not entirely, due to the use 
of fragments of the parent nucleic acid in the synthesis of the progeny 
nucleic acid. The most striking evidence illustrating the relatively non- 
specific rdle of parental material is the fact that more phosphorus than 
nitrogen is transferred to the offspring. This strongly suggests a drastic 
degradation of the parental desoxyribonucleic acid prior to reuse. 

The transmission of material from ultraviolet-treated T7 also illustrates 
the negative correlation between transfer of material and genetic units. In 
the T7 system, in contrast to the ‘“‘T” even, ultraviolet virus apparently 
cannot be reactivated, yet it can contribute N atoms. Similarly, non-mul- 
tiplying excluded T7 can contribute P to multiplying T6. These experi- 
ments do not, however, exclude the possibility of small quantities of spe- 
cific P transfer masked by a larger non-specific transfer. 


SUMMARY 


The fate of the infecting virus particles has been investigated with T7 
bacteriophage labeled with P® and N!. 

1. The interaction of P®-labeled T7 and host cells has been studied and 
it was found that a portion of the virus P is released into the medium in the 
process. This release does not occur after adsorption to heat-killed bac- 
teria. 

2. The integrity of the infecting virus particle was destroyed during re- 
production and a portion was contributed to the progeny. 
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3. It has been concluded that most of the transfer of parent material of 
T7 to progeny is unessential for the reproduction process. 
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THE EXCRETION AND RETENTION OF THE CARBON 
OF INGESTED SUCROSE BY THE MOUSE* 


Bry ROBERT STEELE 
WiTH THE TECHNICAL ASSISTANCE OF KazuyE M. Kryono 


(From the Department of Biology, Brookhaven National Laboratory, Upton, New York) 
(Received for publication, December 4, 1953) 


This paper presents data on the retention and excretion of the carbon of 
uniformly C'*-tagged sucrose after ingestion by male C57 black mice. 
The anatomic distribution of retained C4 among twenty-nine tissues of 
the mouse has been studied and is reported for the period from 33 hours 
to 36 days following ingestion of C'-sucrose. The distribution of C™ in 
several lipide fractions of liver and small intestine is also reported. 

Inasmuch as carbohydrate can serve as precursor for the carbon skele- 
tons of all the body constituents except the essential dietary constituents 
and some of their derivatives, it might be expected that the data presented 
here could be used to gain definite information as to the rate of turnover 
of the carbon of body constituents. However, it has not been possible to 
formulate a rigorous calculation to this end, and the difficulties are dis- 
cussed briefly. Although the data for the retention of sucrose-derived car- 
bon in tissues might at first thought seem to indicate that many or most 
tissue constituents are in rapid turnover, it is concluded that this may not 
be the case. 


EXPERIMENTAL 
Materials and Methods 


Uniformly tagged C'-sucrose was prepared photosynthetically (1) and 
shown by degradation (2) to be tagged uniformly in both the glucose and 
fructose moieties through the kind efforts of Dr. Martin Gibbs of this 
Department. 

The all-glass metabolism cages used were constructed according to the 
drawing of Roth et al. (3). Owing to fluctuations in laboratory tempera- 
ture, it was necessary to provide a temperature-controlled (25°) box to 
contain the cages. Air from outside the building was distributed by a 
manifold to the air intakes of the several cages. For each cage the air was 
drawn at about 150 ml. per minute through a simple capillary flowmeter, 
thence through the cage, and finally through two CO: absorbers filled with 
130 ml. quantities of 10 per cent NaOH and connected in series. The 


*This research was carried out at the Brookhaven National Laboratory under 
the auspices of the United States Atomic Energy Commission. 


91 


| 
| 
‘ 
3 


92 FATE OF SUCROSE CARBON 


exhaust manifold suction was provided by a rotary vane pump.!' One 
mouse was kept in each cage. As can be seen in Table I, mice were kept 
in these cages for as long as 36 days without significant loss of weight. 

An auxiliary water pump was provided to draw air through the cage 
in the event of electric power failure. Water was prevented from activat- 
ing this pump, at times when electric power was not interrupted, by means 
of a “normally closed”? magnetic valve.’ 

The mice used were C57 black males, 3 to 6 months of age. Each mouse 
was deprived of food and water overnight (15 to 18 hours), given a priming 
dose of C'®-sucrose-amino acids solution containing about 75 mg. of sucrose, 
then 3 hours later the dose of C'4-sucrose-amino acids solution. The solu. 
tions were taken voluntarily from a dropper, and the dose of C'-sucrose 
received was determined by weighing the dropper before and after ad- 
ministration. The fasting period and the priming dose were for the pur. 
pose of standardizing the nutritional state of the animal. The proportions 
of sucrose and amino acids were those described by Maddy and Elvehjem 
(4) for the major portion of a diet (Diet 39) found to be adequate for nearly 
maximal mouse growth. Both essential and non-essential amino acids are 
included in this mixture. Prior to the fasting period, and again soon after 
dosing, Purina laboratory chow and water were made available continv- 
ously. The mice did not take additional food until several hours after 
dosing, however. 

The mice were killed at various times after dosing (Table I) by intra- 
muscular injection of Nembutal. Except for those killed 24 hours or 
sooner after dosing, all were fasted overnight prior to sacrifice. As much 
blood as possible was drawn immediately from the exposed heart, and the 
mice were then dissected without delay. The various parts were kept at 
—15° until removed for analysis except in the case of Mouse MOD for 
which most of the tissues were homogenized immediately in distilled water 
and the homogenates kept at —15°. The serum and cells of the blood 
samples were separated prior to storage at —15°. 

Except for the homogenized materials mentioned above, tissues were 
pulverized prior to sampling for combustion by placing frozen pieces 
weighing 0.5 gm. or less in a test-tube immersed in a beaker of liquid nitro- 
gen and tapping the frozen pieces gently with a 3 inch diameter nickel- 
plated rod chilled in liquid nitrogen. The bevel of the bottom end of the 
rod was such that the rod made over-all contact with the bottom of the 
test-tube. The pelts were prepared in a different manner, the hair being 
shaved off and the skin macerated with scissors. Some of the smallest 
organs were burned in toto. Feces samples were dried in a desiccator over 


1 “‘Whirlwind”’ surgical pump; Wocher’s, 609 College Street, Cincinnati 2, Ohio. 
2 Magnatrol Valve Corporation, New York 7, New York. 
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CaCl. and pulverized. Aliquots of diluted urine, of the homogenates men- 
tioned above, and of solutions of the C-sucrose used for dosing were evap- 
orated to dryness in a vacuum desiccator prior to combustion. 

Lipides were extracted from trichloroacetic acid precipitates of homogen- 
ates of liver and ileum plus jejunum by boiling with 3:1 alcohol-ether 
according to the procedure of Schneider (6). Phospholipides were pre- 
cipitated from petroleum ether solutions of the mixed lipides with MgCl, 


TaBLeE I 
Oral Administration of C'4-Sucrose to Mice 


Body weight C-sucrose fed 
ae dosing At dosing | At sacrifice ce Sucrose uc. C4 
(a) (d) (a)/(b) 
mos. gm. gm. days mg. 
MOD 4 25.4 25.7 36 212 441 0.0576 
BOB 3 22.4 23.8 15 160 103 0.217 
TPOH 3 25.0 24.0 15 207 134 0.187 
BOF 34 26.8 25.5 7 150 38.7 0.693 
JOJ -| 33 25.1 24.0 7 193 49.9 0.503 
TOS 6 24.8 24.7 3 228 26.4 0.939 
SOL 6 27.5 25.9 3 126 14.5 1.90 
hrs. 
AOL 34 27.6 26 178 16.0 1.73 
GOM 34 24.9 3.75 171 13.6 1.83 
CMG 33 24.4 3.50 184 14.7 1.66 
A 4-6 24.3 160 452 0.0538 
Bt 4-6 23.1 166 470 0.0491 


* All mice were C57 black males. 

t The reciprocal of the dose in microcuries of C' fed per gm. of mouse weight; 
observed C!4 content of respiratory CO:2 and observed tissue carbon specific activi- 
ties were multiplied by this factor to obtain the figures in Tables II, IV, and V. 

t The distribution of Cin the amino acids from the mixed proteins of this mouse 
at the 3 day point in time is described elsewhere (5). 


and acetone, and the phospholipide fatty acids were isolated for combustion 
after KOH hydrolysis of the washed phospholipides. Cholesterol was pre- 
cipitated as digitonide from an acetone-alcohol solution of the lipides re- 
maining after phospholipide precipitation. Cholesterol digitonides were 
split by dissolving them in pyridine and precipitating the digitonin with 
ether; the supernatant solutions of cholesterol were evaporated to dryness 
for combustion. Excess digitonin in the lipides remaining after cholesterol 


precipitation was removed as the ether complex, and the neutral fat fatty 
acid fractions were isolated for combustion after KOH hydrolysis of the 
remaining lipide material. 
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The modified Van Slyke-Folch wet combustion techniques employed for 
all materials except the lipide fractions have been described elsewhere 
(7). NaOQH-Na2CO; solutions from the COz absorber flasks were analyzed 
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Fic. 1. Presence of carbon from recently ingested sucrose in the respiratory C0; 
of a mouse. Curve A shows the changes in specific activity following the ingestion 
of C'4-sucrose-C!?-amino acid mixture (see the text). At F: 96.7 mg. of sucrose and 
at F. 204.5 mg. of sucrose were fed; the specific activity of fed sucrose was 11.52 
myc. per mg. of sucrose. This is Mouse A 8 weeks after the large dose of C'4-sucrose 
described in Table I and after an 11 hour fasting period. Curve B shows the changes 
in specific activity following the ingestion of C!*-sucrose (no amino acids) by Mouse 
A after 11} hours of fasting and 6 weeks after the large dose of C'4-sucrose described 
in Table I. At F; 95.9 mg. of C’?-sucrose were fed; at F2 168.6 mg. of C'-sucrose. 


by distilling the CO2 into Ba(OH)2-BaCl, in the same way as in the final 
step in the combustion method (7). Counting of C was carried out with 
BaCO; by the mounting technique for the samples described by Van Slyke, 
Steele, and Plazin (8). The lipide fractions were burned, and the C0: 
was counted in the gas phase (8). For “instantaneous” measurement of 
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respiratory CO: specific activity, air was drawn from the cage for a 5 min- 
ute period through 2.5 ml. volumes of Ba(OH)2-BaCl: solution in a pair of 
absorber tubes connected in series, and the BaCO; resulting was estimated 
acidimetrically, mounted, and counted in the manner described for com- 
bustions (7, 8). 

About 5000 counts were recorded for each sample. Combustions and 
counts were run at least in duplicate except in the cases of small organs 
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Fig. 2. Plot against time (¢, in hours) of the specific activity of the respiratory 
CO: (SAcog, in millimicrocuries per mg. of carbon) following ingestion by a mouse 
of 1 we. of C'4-sucrose per gm. of body weight. The first 33 hour period is plotted 
separately (Curve A) on a different scale for convenience in representation. See the 
text and Table II for details of the construction of these curves. 


burned in toto, when carbon sufficient for only one combustion run was 
available. All specific activities have been corrected to a basis of 1 ue. of 
C-sucrose fed per gm. of mouse body weight. 


Findings and Calculations 


Respiratory CO2 Specific Activities—The early course of the specific ac- 
tivity versus time curve of the respiratory CO, is shown in Curve A of Fig. 
1. Curve A is that for a mouse to which C'-sucrose was fed in combina- 
tion with the amino acid mixture as described above; Curve B is that for 
the same mouse, several weeks after the ingestion of a large amount of C"- 
sucrose, to which C'-sucrose was fed after an 11 hour fast. In both cases 
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the respiratory CO: of the mouse reflects the strong influence of the specifi 
activity of the most recently ingested food. Additional experiments ¢ 
this type served to show that, in the range from 70 to 200 mg. of sucrog 


TABLE II 


Agreement of CO, Excretion Calculated (from Areas under Empirical COz Carbon 
Specific Activity Curves) with Observed Excretion of C4O2 by Mice 


C™ excreted as 
Mouse CO: excretion rate* 
From curvest Observed} 
hrs. mg. C per hr uc. pc. 
A Q- 4 33.8 11.6 12.4 
4— 25 33.3 4.86 5.17 
25- 49 33.3 1.10 1.66 
49— 72 33.3 0.58 0.763 
72-167 33.3 0.86 1.03 
167-335 33.3 0.44 0.489 
335-503 33.3 0.193 0.274 
503-671 33.3 0.119 0.156 
671-839 33.3 0.077 0.086 
B QO- 4 34.2 11.7 11.2 
4— 25 34.2 4.99 6.06 
25- 49 34.2 1.13 1.05 
MOD Q- 24 40.1 19.6 20.7 
24— 48 40.1 1.40 0.667 
48- 71 40.1 0.68 0.402 
71-167 40.1 1.05 1.01 
167-335 40.1 0.53 0.372 
335-503 40.1 0.232 0.283 
503-671 40.1 . 0.144 0.098 
671-863 40.1 0.104 0.104 


* Mouse A, Ist through 4th hour value directly measured; other values represent 
the average for the 168th through 839th hour. Mouse B, values calculated from 
the average figure for these mice of 1.48 mg. of C per hour per gm. of body weight. 
Mouse MOD, values represent the average for the 168th through 863rd hour. 

Tt The equations for the curves are given in Fig. 2. 

t The amounts of C'‘-sucrose fed are listed in Table I; the excretion figures have 
been corrected to 1 ue. of C'4-sucrose fed per gm. of mouse body weight by the fac- 
tors listed in Table I. 


ingested, the maximal effect on the specific activity of the respiratory C0: 
was produced 75 to 90 minutes after the ingestion of sucrose. 

It is clear from the above that intermittent ingestion of C” food will 
cause the specific activity of the respiratory CO: to fluctuate during the 
days after C'4-sucrose has been fed. Consequently, in constructing CurveB 
of Fig. 2, the total C'O- excretion over long intervals of time together with 
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the total respiratory CO: (see Table II) for the respective intervals was 
used. ‘The mathematical expressions in Fig. 2 for the respiratory COz2 
specific activity were selected as follows: the one representing the first 33 
hour period after ingestion has a general shape and a maximum similar to 
Curve A of Fig. 1 and integrates to early C“Oz2 excretion figures, which fit 
the observed values for several mice; the one selected to represent the 
specific activity subsequent to the 33 hour point in time integrates, as 
shown in Table II, to a good fit to the observed CO, excretion values over 
various time periods for several mice. The latter curve is expressed as the 
sum of four exponentials for mathematical convenience only, and we do 


TaBLeE IIT 
Excretion of C4 Fed As Uniformly Tagged Sucrose to Mouse MOD* 
C¥ excreted per cent of C4 
Period after C-sucrose feeding 
COz Urine Feces Total ingested 
days 
0O- 1 80.5 2.68 2.04 85.2 85.2 
1- 2 2.63 0.204 0.650 3.48 88.7 
2-3 1.59 0.041 0.113 1.74 90.4 
3- 7 3.99 0.073 0.283 4.35 94.7 
7-14 1.47 0.059 0.152 1.68 96.4 
14-21 1.12 1.12 97.5 
21-28 0.39 0.39 97 .9 
28-36 0.41 0.41 98.3 
Total (36 days)......... 92.1 3.1 3.2 


*For a description of feeding, see Table I. 


not believe that any of these exponentials represents any single metabolic 
process. 

It is emphasized that Curve B (Fig. 2) is a smoothed curve, whereas the 
actual specific activity of the CO: describes fluctuations above and below 
the curve in response to the feeding pattern of the mouse. 

Excretion of Sucrose-Derived C'*—Table III gives a complete summary of 
the excretion of C' by all routes in Mouse MOD during the first 36 days 
after ingestion of C-sucrose. The cumulative excretion figure is subject 


to additive errors, and it can be calculated from the results of the tissue 
combustions that probably more than 99 per cent of the ingested C™ has 
been excreted in 36 days rather than the 98.3 per cent indicated in Table 
III. 

Retention of Sucrose-Derived C'*—For purposes of comparison the specific 
activities of tissue carbon listed in Table IV have been calculated in terms 
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TABLE IV 
Retention by Mouse Tissues of C4 from Fed Sucrose 
| Mouse* 
CMG GOM AOL | soL | Tos | BOF | Joy | BOB ‘TPOH! Mop 
Time of sacrifice after dosage 
34 hrs. |3} hrs. |26 hrs. days 3 days 7 days days | P Prk 
Specific activity, muc. C™ per mg. tissue carbon 
| 

Abdominal fatT 0.11) 0.13 0.14.0.06 0.22 0.09 0.16 0.085:0 266 0.07 
Adrenals 2.87) 2.28, 2.050.47 0.59 0.18 0.043 0.127 0.04 
Bladder, urinary 2.07 1.40, 0.720.51 |0.44 0.26 0.27 0.140/0.1700.067 
Blood, clot 0.99) 0.90} 0.41/0.27 |0.17 0.14 0.14 0.093/0.120 0.110 
“serum 8.00) 7.94) 0.65:0.87 |0.81 |0.33 0.32 0.0410.060 0.08 
Bone, long 1.57| 1.31! 0.7010.25 |0.35 0.16 0.15 0.061/0.087/0.04 
2.32) 2.48] 1.180.45 |0.51 |0.21 0.19 
“carbonate 0.94} 4.93). 0.33 0.161 0.009 
residuet 1.43) 1.37} 0.66)/0.31 (0.28 (0.12 0.14 0.067/0.058\0.04 
 skull§ 1.14/ 1.21] 0.59/0.19 |0.23 |0.12 0.11 0.064/0.084/0.063 
Brain 2.70} 2.80) 1.05|0.55 |0.42 |0.45 | 0. 245/0. 19710. 10 
Colon and rectum 5.29} 4.88] 1.62/0.48 |0.52 |0.18 0.23 0.049/0.079/0.0% 
Diaphragm 1.62] 1.64] 0.71'0.34 0.22 0.20 0.104/0.130/0.054 
Eyes 1.42) 1.15} 0.46/0.11 |0.19 |0.13 0.13 0055/0 .062\0..033 
Fur 0.05) 0.07/0.32 {0.05 |0.12 0.21 \0.061)0. 2080.01 
Heart 1.59) 1.40) 0.72/0.41 |0.42 [0.26 0.27 0.143/0.145)0.05 
Ileum and jejunum 5.11) 4.86) 2.67:0.56 0.45 (0.19 0.21 0.061/0.065/0.037 
Kidney 2.52} 2.37) 1.22/0.52 [0.56 |0.27 0.29 0.102/0.118/0.0% 
Large intestine 7.08) 8.17; 2.67/0.10 10.51 (0.20 0.20 0.090/0.094/0.031 
Liver 13.79/12.90) 1.64/0.66 {0.57 |0.28 0.30 0.063/0.073/0.02 
Lung 2.05} 1.85) 0.83/0.50 |0.72 |0.24 0.26 0.095/0.134/0.041 
Lymph node, cervical 3.26) 2.80) 2.17/0.43 |0.72 |0.31 0.41 
Muscle, skeletal || 0.75] 0.85) 0.9410.65 10.34 10.11 0.17 0.085/0. 106)0.058 
Pancreas 5.63) 5.57) 1.46.0.42 |0.56 10.24 0.28 0.098/0.113/0.048 
Prostate 1.66) 1.73) 1.14/0.41 10.39 10.33 0.24 0.11910. 131/0.067 
Salivary gland 5.19} 7.37) 1.6110.50 10.58 |0.24 0.24 0 08710. 126/0.046 
Seminal vesicle 1.90) 1.12} 1.01/0.55 |0.52 |0.16 0.44 0.125)0.135/0.036 
Skin 0.81) 0.98} 0.308 0.0950. 159}0.062 
Spleen 2.39} 1.77) 0.93)0.57 |0.53 10.29 0.27 0. 107|0.056 
Stomach 7.70! 6.46 0.57 0.71 (0.20 0.22 0.076/0.087|0.029 
Testes 2.15| 1.84) 1.44.0.60 0.59 |0.55 0.59 0.260/0.214/0.050 

Thymus 3.21| 2.27) 1.22 0.71 [0.31 (0.26 0.074/0.079 
Thyroid 1.62} 3.42) 1.75 0.75 0.11 0.059)0.107/0.022 

Trachea 2.56) 2.53, 1.0510.42 0.56 0.28 0.24 0.058 0.090 


* See Table I for details; specific activity has been corrected to 1 ue. of C'-sucrose 
fed per gm. of body weight. 
t+ From the folds of the omentum. 
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t Residue from marrow-free long bone after release of carbonate by HCl overnight 


fF in vacuo. 
§ Parietal and occipital bones. 
|| From the hind leg. 
POH | Mop 


of a standard dose of 1 uC. of C4 fed per gm. of mouse body weight. The 
factors by which the observed specific activities were multiplied to obtain 
those listed in Table 1V are given in Table I. An over-all picture of the 
tissue retention of C™ is presented in Fig. 3, where the similarity between 
the curves for nineteen of the twenty-nine tissues is shown, as well as indi- 
vidual curves for certain tissues of particular interest. 
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Fic. 3. The retention by mouse tissues of C!4 ingested as sucrose. The hatched 
area is occupied by the curves of the following tissues, all concerned with alimenta- 
tion: liver, pancreas, salivary gland, stomach, small intestine, large intestine, colon, 
and rectum. The stippled area is occupied by the curves of the following tissues: 
urinary bladder, kidney, lung, prostate, spleen, lymph node, bone marrow, trachea, 
adrenal, thymus, and thyroid. Curve 1 represents brain; Curve 2, skeletal muscle. 


The results of the lipide fraction analyses are presented in Table V. The 
figures for abdominal fat, for whole liver, and for whole ileum plus jejunum 


are repeated in Table V to facilitate comparison with values for the lipide 
fractions. 


DISCUSSION 


It is obvious from Fig. 3 that a major portion of the C'* found to be in- 
corporated in the various tissues 33 hours after sucrose ingestion is lost from 
these tissues rather rapidly. It should be kept in mind, however, that 
those tissue components which have a good capacity for incorporating car- 


15 | 36 
days 
266 0.074 
127 0.041 
170 0.067 
120 0.110 
060 0.013 
087 (0.04 
| 

0.08 | 
1580.04 
| 
197 0.10 | 
7910.08 | 
1300.05 | 
)62'0.033 | 
08)0.01 | 
145/0.054 | 
65/0 .037 
18/0030 
94/0 .031 
7310.02 | 
340.04 
16/0.042 
060.058 
1310.08 
3110.067 
260.046 
5910 .062 
87/0.029 
14/0.050 
79 
170.022 | 
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bon because of their rapid metabolic turnover will, by the same token, log 
incorporated carbon at a rapid rate. Thus the rapidly attained peak 
values and the rapidly decreasing subsequent values for isotope content 
which one obtains soon after the administration of a single dose of tagged 
material are indicative of the turnover of components which have rapid 
turnover rates, whether or not these components represent a significant 


TABLE V 
Inclusion in Lipide Fractions of C4 from Fed Sucrose 


Mouse* 


CMG | GOM | AOL SOL Tos BOF | Joy | BOB TPOH Mop 


Time of sacrifice after dosage 


15 15 6 
3 days 7 days 7 days 
! | | days | days | days 


| 
34 hrs. 33 hrs. 26 hrs. ; days 


| | 


Specific activity, muc. C' per mg. tissue carbon 


0.22, 0.09) 0.16)0.085)0 . 266/0.074 
0.66, 0.57; 0.28) 0.30/0.063/0.073/0.02 Fy 
0.79, 0.17) 0.17|/0.053/0 ti 


Abdominal fatf 0 
Whole liver 13. 
Neutral fat fatty acids, | 3 
liver 
Phospholipide fatty acids,| 3. 
liver 
Whole ileum and jejunum | 5.11) 4. 
Neutral fat fatty acids, 1.66) 1 
ileum and jejunum 
Phospholipide fatty acids, 5.18 3.62 3.93) 0.80 0.99) 0.32) 0.31/0.092}0.17 (0.040 
ileum and jejunum 
Cholesterol, ileum and 
jejunum 


0.61, 0.83 0.19! 0.2010.064/0.07010.0% | 


2.67) 0.56 0.45 0.19} 
2.25) 0.42 0.83) 0.20) 0.21/0.080/0.090!0.04 


| 
| 
| 


0 
Ci 

2.24) 1.74 1.25 0.33 0.70 0.40) 0.46/0.138(0.21 0.080 b 
a 

t 

0 


* See Table I for details; specific activity has been corrected to 1 ue. of C'4-sucrose 
fed per gm. of body weight. 
{ From the folds of the omentum. 


fraction of the total material taken for analysis. This consideration ap- } jf 
plies not only to whole tissue but also to a mixture of materials which may | 9 
be isolated as a chemical fraction, such as liver protein or liver neutral fat | ¢j 
fatty acids. In fact it seems likely that it also applies to single chemical | ¢ 
compounds, not diffusible or not in solution in the native state, isolated  “ 
from single organs, in which molecules of the compound in question may 
be distributed in various types of cells and in various locations in each par- Fn 
ticular cell type. The turnover of the compound in the different locations ff; 
may be different, and the major early changes in the retention curve would Fy 
result from the locations where turnover was rapid. t 

It does not follow that, because a large fraction of the incorporated car- F 
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bon of ingested sucrose is eliminated from the body of the mouse in a rather 
short time, most or many of the tissue components have short turnover 
half times. 

The recycling of carbon atoms initially incorporated in components with 
rapid turnover rate and subsequently returned to the level of (for example) 
the tricarboxylic acid cycle and secondarily incorporated in components 
of less rapid turnover rate undoubtedly plays an important part in deter- 
mining the shape of the curves for retention of C™“ by the tissues (Fig. 3). 
An attempt was made by a mathematical procedure to segregate the com- 
ponents of tissue into several groups and to assign an average turnover 
rate to each of these groups. This attempt involved the assumptions that 
(1) the carbon of the tricarboxylic acid cycle could be considered the direct 
precursor (for the purposes of the Zilversmit (9) precursor-product relation- 
ships) of all the tissue components which incorporate carbon originally in- 
gested as carbohydrate, and that (2) the specific activity of the respiratory 
CO, is always equal to the specific activity of the carbon of the components 
of the tricarboxylic acid cycle. For mouse liver such a calculation indi- 
cated that a large portion of the liver carbon is located in components of 
very long turnover time. The most questionable parts of the assump- 
tions involved in this calculation were (1) that any one tissue has its tri- 
carboxylic acid cycle components tagged in a way indicated by the C" 
content of the respiratory COz2 (which really represents a weighted average 
for all the tricarboxylic acid cycles of the body), (2) that the components 
of the tricarboxylic acid cycle remain essentially uniformly tagged in all 
carbon atoms throughout the experiment, and (3) that the carbon of nearly 
all the tissue components returns to the tricarboxylic acid cycle prior to 
being reincorporated in the same or in another tissue component. These 
assumptions make the argument so tenuous that the results of the calcula- 
tion can at best indicate only an order of magnitude, and even the order 
of magnitude is perhaps open to doubt. 

Suffice it to say then that there is no indication from the present results 
that most or many tissue constituents have rapid turnover rates. Rather, 
it is clear that all tissues contain some components which have rapid turn- 
over rates. It is pertinent to point out that body protein, which was once 
thought to have a uniformly rapid rate of turnover, has more recently been 
considered to consist to the extent of about 90 per cent (in the human) of 
“metabolically inactive” proteins (10). 

Without knowledge of the specific activities of the direct precursors it is 
not possible to say anything about the turnover rates of the various lipide 
fractions of Table V. It is interesting that the early specific activity of the 
phospholipide fatty acids of small intestine is so high in comparison with 
the specific activity of the neutral fat fatty acids of this organ, whereas in 
the liver this is not the case. The lipide fractions were isolated because of 
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the unexpectedly low early specific activity of fat collected from the omen. 
tum. Of course, without knowledge of the specific activity of the direg 
precursors it is not possible actually to prove that the turnover rate of this 
omentum fat is as negligible as it appears to be, or even that the turnover 
rates of the liver and small intestine lipides are higher. 

The slope of the C“ retention curve for muscle between the 15th and the 
36th day (Curve 2, Fig. 3) is less than is the case for most other tissues, 
This might be thought to be due to the muscle protein component of very 
slow turnover rate which Sprinson and Rittenberg (11) have demonstrated, 
However, the slope in question, which corresponds to a half time of 33 days 
as ordinarily calculated, should be compared with the slope of the hatched 
area (Fig. 3) representing organs concerned with alimentation. These or. 
gans have the steepest slope between 15 and 36 days of any group of tis 
sues. They are supposed not to contain “metabolically inert” protein 
(10); yet the slope here corresponds to a half time of about 17 days as 
against 33 days for muscle. Since these figures are not widely divergent, 
it is clear that it would be unwise to rely solely upon the inert protein of 
Sprinson and Rittenberg in explaining the gentler slope of the muscle curve 
after 15 days. 

It is of interest to note that after 7 days brain carbon (Curve 1, Fig. 3) 
has a considerably higher C™ content than the carbon of most other tis- 
sues. 

A word should be said with regard to the application of these results to 
calculations of the radiotoxicity of metabolically active compounds con- 
taining C'. For single doses of C'! compounds the possible existence in 
the body of a large reservior of relatively inert carbon is not of great sig- 
nificance, for very little of the dose will be incorporated into this reservoir. 
However, upon chronic dosing with a C4 metabolite, one can expect such 
. relatively inert material slowly to approach the C™ content of the dosing 
metabolite and thereafter to retain this level of C’4 over a very long period 
of time. This is a possibility which is not contradicted by the results of 
the experiments reported here. | 


We wish to thank Dr. Aubrey Gorbman for aid in dissecting the mice, 
Dr. Forrest E. Kendall for advice regarding the lipide fractionations, and 
Miss Evemarie Celozzi for carrying out the combustions and counts on the 
lipide fractions. We also wish to thank Dr. Harland G. Wood and Dr. 
Donald L. Buchanan for their helpful criticisms of the interpretation of the 
data. 


SUMMARY 


The excretion in respiratory COs, urine, and feces of carbon derived from 
ingested sucrose was measured during the 36 day period following the in- 
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gestion of uniformly tagged C'-sucrose by young adult male C57 black 
mice. The retention of carbon derived from sucrose in each of twenty- 
nine organs or tissues and in lipide fractions obtained from liver and small 
intestine is reported for ten animals sacrificed at various times during the 


36 day period. 

The significance of the findings is discussed in connection with the gen- 
eral problem of the turnover rate of tissue components, and it is concluded 
that the results do not eliminate the possibility that a large amount of 
tissue carbon is present in components of low turnover rate. 


BIBLIOGRAPHY 


1. Gibbs, M., Biochem. Preparations, 2, 45 (1952). 

2. Gibbs, M., Plant Physiol., 26, 549 (1951). 

3. Roth, L. J., Leifer, E., Hogness, J. R., and Langham, W. H., J. Biol. Chem., 176, 
249 (1948). 

4, Maddy, K. H., and Elvehjem, C. A., J. Biol. Chem., 177, 577 (1949). 

5. Steele, R., J. Biol. Chem., 198, 237 (1952). 

6. Schneider, W. C., J. Biol. Chem., 161, 293 (1945). 

7. Steele, R., and Sfortunato, T., Technical report T-6, Brookhaven National 
Laboratory, Upton (1949). 

8. Van Slyke, D. D., Steele, R., and Plazin, J., J. Biol. Chem., 192, 769 (1951). 

9, Zilversmit, D. B., Entenman, C., and Fishler, M. C., J. Gen. Physiol., 26, 325 
(1943). 

10. San Pietro, A., and Rittenberg, D., J. Biol. Chem., 201, 457 (1953). 

ll. Sprinson, D. B., and Rittenberg, D., J. Biol. Chem., 180, 715 (1949). 


‘ 
¢ 


T 
be 
bi 
bl 
ac 
pe 
th 
us 
or 
ele 
re 
ity 
ad 
bo 
mi 
by 
frc 
7a 
an 
pe 
be 
Le 
pel 
tut 
Fo’ 
Car 


THE INTERACTION OF LYSINE POLYPEPTIDES AND BOVINE 
PLASMA ALBUMIN* 


By ROBERT V. RICE, MARK A. STAHMANN, anpb 
ROBERT A. ALBERTY 


(From the Departments of Biochemistry and Chemistry, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, January 15, 1954) 


Many of the biological effects of synthetic lysine polypeptides have 
been ascribed to their ability to combine with viruses, bacteria, and other 
biological substances (1-9). Evidence has been obtained for both solu- 
ble and insoluble complexes of polylysine with viruses (1, 2, 6, 8), nucleic 
acids (2), or cells (3-5, 9). 

In view of this, it seemed desirable to investigate the interaction of lysine 
polypeptides by more quantitative physicochemical methods. Among 
the several techniques that were tried, electrophoresis has proven most 
useful (10). Several investigators have studied the interaction between 
proteins and other macromolecules by the moving boundary method of 
electrophoresis (11-15). 

Bovine blood proteins were used in the present study, since they are 
readily available in purified forms and because of the unique binding capac- 
ity of albumin. The interaction of polylysine with these proteins was of 
added interest, since the insoluble complexes are soluble in excess of either 
component (10) just as are many antibody-antigen precipitates (16). 


Materials and Methods 


The crystallized bovine plasma albumin (BPA), bovine y-globulin, and 
bovine fibrinogen were obtained from Armour and Company. The albu- 
min and globulin were used as received, but the fibrinogen was purified 
by the method of Katz et al. (17). The lysine polypeptides (PL) were 
from samples synthesized by Dr. R. R. Becker by the controlled polymeri- 
zation of the N-carbobenzoxylysine anhydride in dioxane with ammonia as 
an initiator (18). The number average of amino acid residues per poly- 
peptide chain was estimated by a-amino nitrogen analysis of the carbo- 
benzoxy intermediate. This is indicated by the number following PL, 
te. PLizeg and PLg3. The peptide hydroiodides were converted to the 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by research grants from the National Insti- 
tutes of Health, United States Public Health Service, and from the Herman Frasch 
Foundation. A report of this work was presented at the 124th meeting of the Ameri- 
can Chemical Society at Chicago, September, 1953. 
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hydrochlorides via the picrate (18) or by ion exchange on Amberlite IR-4} 
(10). The molecular weight of BPA was taken to be 69,000 (19). 

Experiments on Precipitation Reaction—Studies on the precipitation of 
mixtures of PLi22 and BPA were made by adding one of the constituents 
in a buffered solution to the other in the same buffer and centrifuging. — The 
sticky coacervate was washed twice with the buffer and then with dis 
tilled water; the product was lyophilized in tared centrifuge tubes, dried 
over phosphorus pentoxide to constant weight, and weighed. The precip. 
tations were carried out at slightly below room temperature; the centrify. 
gations and washings at 0°. Veronal and borate buffers of various ionie 
strengths were used. The lysine content of the precipitate and of the BP4 
was determined by ion exchange chromatography (20). 

Precipitation studies with bovine fibrinogen and y-globulins were made 
by the same procedure except that the ionic strengths were above 0.1, 
The precipitates of polylysine with fibrinogen or y-globulins formed dense 
fibrous flocs resembling silver chloride, whereas gelatinous, sticky com. 
plexes were obtained with albumin. 

Experiments on Soluble Complex Formation—Electrophoresis experiments 
were carried out in buffers of monovalent weak acids. Most of the electro. 
phoresis experiments were done in standard Tiselius cells with modified 
electrode vessels in an instrument built in the Department of Physical 
Chemistry (21). 

A few preliminary experiments were made with a Kern micro electro 
phoresis apparatus (22), and some of the later mobility determinations 
were made with a Spinco electrophoresis diffusion instrument.' The 
constant temperature baths in the regular instruments were at 0.9°. The 
boundary velocities were calculated by tracing the enlarged images of the 
schlieren diagrams on graph paper and measuring the movement of the 
boundaries by using the centroidal ordinates of the curves. The conduet- 
ivities of the solutions of mixtures of PL and BPA in the buffer were meas- 
ured with a Shedlovsky conductivity cell and a Jones bridge. 

The solutions of PL and BPA were dialyzed against buffer with agitation 
for several days in the cold. The concentration of the BPA was deter- 
mined by measuring the optical density of aliquots at 280 my in a model 
DU Beckman spectrophotometer (23). The concentration of the PL was 
determined by nitrogen analysis (24, 25). The dialyzed PL and BPA 
solutions were mixed and the pH was determined in a Beckman pH meter. 

In preliminary electrophoresis experiments precipitation occurred dur- 
ing the separation of boundaries. In order to avoid this precipitation 
electrophoresis experiments were carried out with buffers in which no pre- 


1 Electrophoresis diffusion apparatus, model H, manufactured by the Specialized 
Instruments Corporation, Belmont, California. 
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cipitation occurred at any ratio of the two constituents. This was neces- 
sary, for the ratio of PL to BPA varies from zero to infinity throughout 
the various portions of the cell during passage of current. The conditions 
under which only soluble complexes were formed were determined by 
adding dropwise a solution of one component to the other in the same buffer 
and noting if at any ratio a precipitate occurred (Table IT). 


Results 


Precipitation Reaction—By mixing buffered solutions of polylysine hydro- 
chloride and BPA and weighing the resulting precipitate, the character- 
istics of the precipitation reaction were determined. The pH of maximal 
precipitation at low ionic strengths (<0.001) was between pH 8.1 and 8.5. 
By using Veronal or borate buffers of 0.1 and 0.2 ionic strengths at pH 8.3, 
the amount of precipitate at the same ratio of BPA to PLi22 was found to 


TABLE 
Precipitation of BPA and PIy22 at pH 8.3 


. BPA 
Molar ratio, PLin 


74 30 19 5 1.7 0.8 


Ppt., mg. ppt. per 100 mg. BPA........... 


0.0 17 33 78 95 55 


The ionic strength due solely to NaCl resulting from neutralization of polylysine 
hydrochloride by NaOH was estimated as <0.001. 


decrease as the ionic strength was increased. In addition, it was found 
that an increase in ionic strength decreased the amount of precipitate 
formed at excesses of either BPA or Pli2e. The data in Table I were ob- 
tained by weighing the precipitates from mixtures of the two solutions in 
distilled water that had been adjusted to pH 8.3 with NaOH. The ionic 
strength was estimated to be less than 0.001. It is evident that inhibition 
of precipitate formation occurred at an excess of either constituent. This 
was confirmed in qualitative experiments in which solutions of one compo- 
nent were added to the other at the same pH and ionic strength by noting 
the appearance and disappearance of precipitates. These coacervates 
could be dissolved by adding an excess of either PL or BPA. Thus, the 
complex formation as evidenced by precipitation seems to be practically 
instantaneous and is reversible. The BPA-PL reaction appears to be some- 
what similar to antibody-antigen precipitation reactions (16). Morawetz 
and Hughes have studied the complex formations of proteins with poly- 
vinylamine (26). Their results are in general agreement with ours in that 


a viscous second liquid phase (coacervate) was formed with albumin, the 
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characteristics of precipitation varied with pH and ionic strength, and 
the solubility of the precipitates with an excess of either component was 
demonstrable. 

Lysozyme, a basic naturally occurring protein, reacts with albumin to 
form precipitates and soluble complexes,” and recently an investigation of 
this interaction by means of turbidimetry and light scattering has been 
made (27). In contrast to the polylysine-albumin system, the lysozyme- 
albumin precipitates do not form above 0.02 ionic strength. Although the 
high charge density of polylysine requires about 5- to 10-fold more salt 
to prevent precipitation, it is interesting that the pH of maximal precipi- 
tation is approximately the same in both systems (pH 8 to 8.5). 

With bovine fibrinogen and the y-globulin fractions a higher concentra- 
tion of PLi2z2 was required to cause precipitation than with BPA. In the 
systems studied, there seems to be a rough correlation between the pH of 
_ maximal precipitation and the isoelectric point of the protein (10). Thus, 
precipitate formation was maximal at about pH 9.2 with fibrinogen, at 
about pH 10.1 with the y-globulins, and at pit 8.3 with BPA. 

Analysis of Solid Complex—The increased amount of lysine in a hydro- 
lysate of one precipitate was determined by ion exchange chromatography. 
The precipitate was prepared from a mixture of 0.3 um of PLi22 in borate 
buffer of pH 8.3 and 0.10 ionic strength and 1.4 um of BPA in the same 
buffer. The molar ratio of BPA to PLi2: in the initial mixture was 4.65; 
the ratio in the precipitate was found to correspond to an average of 7. 
Calculation shows that ratios considerably higher than 7 are theoretically 
possible from steric considerations (10). Measurements of the sizes of 
complexes of PLi2z2: and BPA from preliminary electron micrographs have 
given results which are in agreement with complexes of the magnitudes of 
size which can be calculated from the above ratio (10). 

Electrophoretic Demonstration of Soluble Complexes—Many mixtures of 
buffered solutions of BPA and PL at concentrations which originally re- 
sulted in clear solutions formed precipitates in the descending channel upon 
electrophoresis at pH values at which all the moving boundaries except 
BPA migrated toward the cathode. It was found, as already described, 
that at pH 6.3 an ionic strength of 0.1 or greater prevented precipitation. 
Below pH 5 precipitates did not form at any ratio of the two components 
at 0.05 ionic strength, but in order to compare results at all pH values most 
determinations were made at 0.1 ionic strength. Table II summarizes the 
results of precipitation tests of mixtures at all ratios of the two constit- 
uents. As is noted in this table, the precipitates dissolved when an excess 
of either constituent was added, and, at pH values far removed from that 
of maximal precipitation, smaller amounts of material precipitated. Evi- 
dence for soluble complex formation was obtained from electrophoresis. 


? Alberty, R. A., unpublished electrophoretic data. 
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A series of electrophoresis experiments at widely varying ratios of BPA 
to PLs3 was carried out in cacodylate buffer. The BPA migrated as a single 
boundary in cacodylate buffer. Fig. 1 shows the schlieren patterns for 
PLs3 alone in cacodylate and tris(hydroxymethyl)aminomethane buffers. 
Fig. 1, 6 shows the usual type of patterns obtained in electrophoresis of 


TABLE II 
Interaction between BPA and PL; 


pH Buffer Results 


11.0 | Glycine-NaOH Ppt. at ratios near equivalence point 


8.7 | Veronal ‘* except at extreme ratios 
aminomethane 


6.3 | Cacodylate No ppt. at any ratio, soluble complexes* 
5.3 | Acetate some soluble complexest 


All at 0.10 ionic strength. 
*Precipitate at ratios near equivalence point at 0.05 ionic strength. 
t No precipitate at any ratio at 0.05 ionic strength. 


GA 
omy 


DESCENDING ASCENDING 


- 
DESCENDING ASCENDING 


Fic. 1. Schlieren patterns of PLs;3 in (a) tris(hydroxymethyl)aminomethane-HC! 
buffer at pH 7.9 and 0.05 ionic strength and in (b) sodium cacodylate buffer at pH 6.3 
and 0.10 ionic strength. 


proteins in so far as the descending boundary is broader, has a smaller area, 
and has moved a shorter distance than has the sharp peak due to the as- 
cending boundary. ‘The situation for PL in tris(hydroxymethy])amino- 
methane buffer is quite different, however, as is shown in Fig. 1, a. Here 
the descending boundary is very much sharper than the ascending. Un- 
doubtedly, the reason for this is that the PLs3; has a higher mobility than 
the tris(hydroxymethyl)aminomethane cation. The mobility of the PLss 
descending boundary in tris(hydroxymethyl)aminomethane buffer at pH 
7.9 of 0.05 ionic strength is +16 X 10-° cm.? volt“ sec. It is also pos- 
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sible that PLs3 is not electrophoretically homogeneous in this buffer, for 
the ascending boundary shows indications of partial resolution. This may 
be the result of the resolution of the polylysine into those chains with 
free carboxyl groups and those with amide groups (18). 

Fig. 2 shows the results of a typical electrophoresis experiment on a mix. 
ture of PLg3 and BPA in cacodylate buffer of pH 6.3 and 0.10 ionic strength, 
In this figure are shown the two moving boundaries in each limb of the cell: 
the ascending boundaries have the mobilities of the free components, while 
the descending boundaries have mobilities corresponding to neither com. 
ponent. The initial boundary was compensated so that electrophoresis 
started at approximately the center of each limb. The molar ratio of 
PLs3 to BPA for the experiment illustrated is 0.2. In the right limb, 


2-s 


S 


Sse Ss 


Fig. 2 Fia. 3 


Fig. 2. Electrophoresis pattern for a solution of PLs; and BPA in cacodylate buffer | 
of pH 6.3 and 0.10 ionic strength. Molar ratio PL:BPA = 0.2. u = mobility; i | 
= constituent mobility; the diagonal lines indicate the initial boundary position. 

Fig. 3. Electrophoresis pattern for a solution of PLss; and BPA in cacodylate 
buffer of pH 6.3 and 0.10 ionic strength. Molar ratio PL:BPA = 44. 


the boundary due to the free albumin is moving up toward the anode 
with its normal mobility (ugp,); but the other moving boundary in this 
limb (ip), owing to the PLss3 moving down toward the cathode through 
the solution of albumin, has a mobility corresponding to considerably less 
than that of free PLs3. The mobility of the latter boundary is designated 
as the polylysine constituent mobility (iip,) and in this case is about one- 1 
tenth the mobility of free PLs3._ In the left limb the free PL; is seen mov- e 
ing up toward the cathode with its normal mobility (up,), but the mobility |, 
of the descending boundary in this limb (iigpa), owing to the albumin 
moving down through the solution of polylysine, is lower than that of free | ,, 
BPA. This descending boundary yields the albumin constituent mobility gl 
(ippa). Moving boundary systems of this type were obtained in cases | 4, 
when the ratio of PLs3; to BPA was less than about 1. o 

Fig. 3 shows the type of patterns obtained when the molar ratio is greater D 
than 1. The electrophoresis of a mixture having a molar ratio of 44 PLs 
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to 1 BPA under the same conditions as in Fig. 2 is illustrated. In the 
right limb the two boundaries are moving in opposite directions as in the 
ease of lower ratios shown in Fig. 2. In the left limb, however, both mov- 
ing boundaries are moving in the same direction, namely, toward the cath- 
ode. The mobility of the faster ascending boundary in this limb is still 
that of free PLg3, but the mobility of the slower ascending boundary is not 
only many times that of BPA but has the opposite sign. Here, so much 
polylysine has formed complexes with the albumin that the complexes are 
predominantly positively charged. In order to obtain data to test various 
theories for the formation of complexes, a series of experiments over a wide 
range of concentrations of the two components was carried out. Table IIT 


TABLE III 


Constituent Mobilities for System PLg3-BPA in Sodium Cacodylate Buffer of pH 6.8 
and 0.10 Ionic Strength at 0.9° 


PLe concentration | BPA concentration | Molar ratio, a Op. Oppa 
pM uM 
366 0 20 +14.3 
575 13 44 +12.9 +7.7 
113 48 2.4 +12.1 +3.4 
80 68 1.2 +11.0 +0.7 
87 165 0.5 +7.6 —0.2 
53 286 0.2 +4.2 —1.3 
47 482 0.1 +2.3 —2.0 
0 73 0 —2.2 


The mobilities are expressed in units of 10-5 cm.? volt~ sec.—". 


summarizes the most important results obtained in this series of experi- 
ments in cacodylate buffer. It is seen that, as the ratio of PL; to BPA in- 
creases from 0.1 to 44, the PL constituent mobility (iip,) increases from 
+2.3 X 10-5 to +12.9 K 10-5 which is nearly the value for free PLs3. The 
BPA constituent mobility (isp,) changes from —2.0 K 10° to +0.7 X 
10-° when the molar ratio is increased to 1.2 and as high as +7.7 K 10-° 
when the molar ratio is 44. The actual micromolar concentrations are 
listed in the first two columns of Table III for each experiment. 

In addition to the series of experiments in cacodylate buffer at pH 6.3 
and 0.10 ionic strength electrophoresis was carried out in acetate and 
glycine-HCl buffers. As judged from the difference between the BPA 
constituent mobility and the mobility of free BPA, only weak complexes 
occur at pH 3.0. The mobility of BPA alone in glycine-HCl buffer at 
pH 3.0 and 0.10 ionic strength was +7.6 X 10-5. The constituent mobil- 
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ity of BPA in a mixture having a molar ratio (PL: BPA) of approximately 
5 was +8.6 X 10-5, indicating that enough polylysine had formed com. 
plexes with BPA even at this pH to increase the mobility by 1 unit. Ip 
contrast, at pH 6.3 the constituent mobility of BPA at a molar ratio of 
only 2.4 is +3.4 X 10-5 in comparison with —2.2 K 10-* in the absence 
of polylysine. 


DISCUSSION 


In order to determine the constituent mobility of a component of a solu. 
tion it is necessary to measure the velocity of a boundary which descends 
into the original solution and across which the desired component disap- 
pears. At low ratios of PL to BPA both components disappear in descend- 
ing boundaries, and so it is possible, in a single experiment, to obtain the 
constituent mobilities for both in the original solution. At high ratios the 
constituent mobility of PL could be obtained from a descending boundary, 
but that of BPA was obtained from an ascending boundary and the use of 
mixture conductivity results in a small error. 

Following the work of Longsworth and MacInnes (28), Alberty and 
Marvin developed equations for calculating the extent of interaction for 
certain cases irom the experimental mobility values (29). These equations 
were derived upon the assumption that the rates of complex formation and 
dissociation are fast in comparison to the rate of separation of the compo- 
nents in an electrical field. Quantitative results similar to those obtained 
by the method of equilibrium dialysis have been obtained from electro- 
phoresis experiments by Smith and Briggs (30). Equations have been 
derived for calculating the extent of complex formation from the experi- 
mental values of constituent mobilities for the following cases: (1) One 
complex is formed and the concentration of free protein is negligible, or 
(2) a Langmuir distribution of complexes with mobilities up,, = up + w 
is formed (where w is a constant), or (3) a single complex is in equilibrium 
with both free protein and free A. In the present study P represents BPA 
and A corresponds to PL. 

These equations have been used in an attempt to interpret the present 
data quantitatively. If any of these conditions represent the experimental 
data, it would be possible to calculate the concentrations of free protein, 
free PL, bound PL, ratio of bound PL to bound protein, and K, an intrinsic 
equilibrium constant. The present interaction does not follow the condi- 
tions of case (1) or case (3), for a constant value of K was not found for 
various concentrations of BPA and PL. For case (2), in which a series of 
simple complexes (such as PL(BPA);, PL(BPA)2, PL(BPA)3. . .PL(BPA) «) 
is assumed, a convenient check on the validity of the assumed type of inter- 
action is obtained by plotting 1/r versus 1/PLiree. A straight line should 
be obtained, since 1/r = 1/nKPLiree + 1/n, where n is the maximal num- 
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ber of molecules of one component bound to the other and r is the num- 
ber of moles of PL bound per mole of BPA. 

A straight line was obtained when 1/r was plotted versus 1/PL free with 
data obtained from high and low ratios of PL to BPA, but not when data 
obtained for solutions of intermediate ratios were included in the plot. 
From the intercept of the linear plot of data at low and high ratios only, a 
maximum of 15 albumin molecules combined with 1 PLg3 was obtained. 
From the experiment depicted in Fig. 3, a value of 11 BPA formed a com- 
plex with 1 PL as calculated for the equation for case (2). Since the treat- 
ment of the data by case (2) does not result in complete agreement with 
theory, it appears that there is not a simple series of complexes. A more 
complicated series must actually be formed. The results of analysis of 
the precipitate, giving a value of 7 BPA combined with 1 PL, provide fur- 
ther evidence that polylysine combines with a large number of albumin 
molecules. 

Dr. Richard Goldberg has treated our data by a modification of his theory 
of antibody-antigen reactions which assumes a general distribution of com- 
plexes (31). This approach to the problem is handicapped, however, by 
our lack of information as to the mobilities of complexes of the type (PL),- 
(BPA), and no successful solution by this route has been obtained. ; 

The evidence obtained for the formation of complexes at lower pH values 
may be ascribed to the fact that albumin, even at pH 3, still has a number 
of negatively charged groups. 

From these data it is evident that the reaction between PL and BPA 
results in precipitates composed of both components, and that at an excess 
of either component or at favorable ionic strengths and pH values only 
soluble complexes of PL-BPA exist. In these respects this system resem- 
bles further the antibody-antigen reaction. Polylysine has other proper- 
ties that are shown by antibodies; it agglutinates bacteria (5) and red blood 
cells (4, 9), inhibits virus multiplication (3, 6-8), agglutinates tobacco 
mosaic virus particles (1, 2), may produce anaphylactoid symptoms (4), 
and causes the release of histamine.’ It has been postulated that anti- 
bodies are mono-, di-, or polyvalent and that both van der Waals’ and 
ionic bonds are formed in the antibody-antigen reaction (32). Then, by 
analogy, the polylysine would correspond to a polyvalent non-specific 
antibody. 


SUMMARY 


1. Lysine polypeptides form both soluble and insoluble complexes with 
bovine plasma albumin. Precipitates are obtained at low ionic strengths 
above pH 6. 


*MacIntosh, F. C., personal communication. 
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2. Analysis of one such precipitate showed that an average of about 7 
molecules of bovine plasma albumin was combined with each molecule of 
polylysine. 

3. Soluble complexes form and the precipitates dissolve in solutions of 
high ionic strength or in the presence of excess of either component. 

4. Electrophoresis showed large changes in the constituent mobilities of 
polylysine and albumin which indicated the presence of soluble complexes, 

5. The fact that only two moving boundaries are obtained in eagh 
limb of the cell indicates that the reactions are rapid in comparison with the 
rate of separation in the electric field. 

6. A more complicated series of soluble complexes is formed than ean 
be fully accounted for with existing theories. 

7. From data obtained at ratios in which there was agreement of ex. 
perimental data with theory it was determined that a large number of 
albumin molecules (11 to 15) can combine with 1 molecule of polylysine. 


We acknowledge our indebtedness to Dr. R. R. Becker for the lysine 
polypeptides used in this study. 
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HORMONES ON THE METABOLISM OF ALBUMIN 
IN HYPOPHYSECTOMIZED RATS* 


By FRANK ULRICH, HAROLD TARVER, ann CHOH HAO LI 
(From the Hormone Research Laboratory and the Department of Physiological 
Chemistry, School of Medicine, University of California, 
Berkeley, California 
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A number of investigators have reported that, as a result of hypophy- 
sectomy in both the dog (1) and the rat (2-6), there is a decrease in the 
albumin content of the blood. Inanition has a similar but less marked 
effect on the albumin in rats (3, 4). However, these data give no insight 
into the dynamic aspects of albumin metabolism, and the object of the 
present experiments has been to gain information concerning this phase 
of the process. 


EXPERIMENTAL 


Male rats of the Long-Evans strain, weighing approximately 250 gm., 
were maintained on Diet XIV! for a period of from 3 to 4 weeks prior to 
hypophysectomy. Single daily intraperitoneal injections of hormone were 
begun on the day of operation and continued up to and including the day 
each rat was sacrificed; the normal and hypophysectomized controls re- 
ceived no injections. 

Growth hormone was isolated from the anterior lobes of beef pituitaries 
according to the method of Li et al. (7, 8); 80 y of the preparation adminis- 
tered during a period of 4 days caused an increment of the uncalcified 
cartilage of the tibia of hypophysectomized female rats of from 150 to 240 
u. Adrenocorticotropic hormone (ACTH), having a potency of 50 U. S. 
P. units per mg., was prepared from sheep pituitaries by the method pre- 
viously described (9). The t-thyroxine employed was a commercial prod- 
uct.2 For injections, both the growth hormone and the L-thyroxine were 
dissolved in saline, while the ACTH was suspended in beeswax according 
to the suggestion of Bruce et al. (10). 


* Supported in part by grants from the American Cancer Society upon recom- 
mendation of the Committee on Growth of the National Research Council. Our 
thanks are due to the United States Atomic Energy Commission for supplies of S#5 
used in these studies. 

1Composition of Diet XIV: whole wheat 68.5, casein 5, fish meal 10, alfalfa leaf 
meal 10, NaCl 1.5, fish oil 5 per cent. 

? We are indebted to Dr. B. A. Hems of Glaxo Laboratories, Ltd., for a generous 
supply of L-thyroxine. 
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All the rats were fed Diet XIV ad libitum, with free access to water, and 
the environment was kept at a constant temperature during the period of 
hormone treatment. 2 weeks after hypophysectomy, each rat was anes. 
thetized with ether and injected intravenously via the external jugular vein 
with 3 mg. of S**-labeled albumin dissolved in 0.25 ml. of 0.9 per cent NaCl, 
The radioactive albumin was prepared by the procedure described by 
Ulrich et al. (11). In Experiments 2, 4, and 5 (see Table I) the animals were 
sacrificed from 3 minutes to7 days after injection of the albumin, whereas 
in Experiments 3, 6, and 7 the animals were sacrificed from 2 to 7 days 
after injection. Blood was obtained by heart puncture with a heparinized 


TABLE I 


Average Body, Adrenal, and Thymus Weights of Hypophysectomized Male Rats Injected 
with Growth Hormone (GH), ACTH, and Thyroxine for 14 Days 


z Average body weight* 
Onsett | Autopsy | Difference 
mg. gm. gm. gm. meg. mg. hin 
2 | None 0 259 + 9/224 + 8/—35 (14)f 
3 | GH 0.1 (240 + 4248 + 5) +8 (13) | 17 4 1.4 (14) 302 + 30 (14) 
4 " 0.5 |250 + 7\256 + 7| +6 (14) 
5 | ACTH 0.1 (272 + 4/212 + 4/—60 (25) 109 + 16 (4) | 81 + 24 (4) 
6 “ +GH/0.1 (226 + 2/178 + 4/—48 (14) 109 + 21 (10) 62 + 11 (10) 
0.1 
7 | Thyroxine +/0.002/233 + 4/233 + 3] 0 (15) 
GH 0.1 


* Mean + standard error. 
ft Onset refers to the time of operation and the beginning of hormone treatment. 
t Number of animals in parentheses. 


syringe, and the separated plasma was frozen at —20°. Before fractiona- 
tion, the plasma was thawed and centrifuged to remove any denatured 
material which might have formed. Plasma from each, usually 2 to 3 ml., 
was then submitted to cold ethanol fractionation (11). To determine the 
specific activity of the isolated albumin, it was dissolved in water, an ali- 
quot was placed on a tared albumin disk, and the solution was evaporated 
to dryness in air. Radioactivity was measured on a gas flow (helium sat- 
urated with absolute ethanol at 0°) Geiger-Miiller counter. Suitable cor- 
rections were made for self-absorption. 


Results 


Information concerning the treatment of the six groups of animals em- 
ployed in these experiments, together with data on body weights and the 
weights of adrenal and thymus glands at autopsy, is presented in Table I. 
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Effect of Treatment on Gland Weights—The effectiveness of treatment with 
ACTH in the animals of Experiments 5 and 6 is confirmed by the weights 
of the adrenal and thymus glands from these animals compared with the 
corresponding weights found for the animals in Experiment 3 which received 
only growth hormone. It may be further observed that growth hormone 
had no synergistic effect in enhancing adrenal weight when administered 
along with ACTH. 

Effect of Treatment on Body Weights—It is evident from Table I that the 
hypophysectomized animals lost a considerable amount of weight follow- 
ing the operation, but that this loss of weight was largely counteracted by 
treatment with growth hormone, even at the lower dose level of 0.1 mg. 
Treatment of hypophysectomized animals with ACTH accelerated the loss 
of body weight, but again the loss was to some extent counteracted by 
growth hormone. 

The data obtained after injection of the labeled albumin into the animals 
are treated here as if true turnover measurements were being made; that 
is, as if the pool sizes and rates of the various processes involved in the turn- 
over remained constant during the period of the experiment. It is obvi- 
ous that this is not the true state of affairs, however, since some of the 
groups were losing weight very rapidly. Hence, the rates of loss of label, 
in these cases at least, are not due to a true turnover but rather to a turn- 
over complicated by a change in pool size and possibly by changes in rates 
of synthesis-degradation. ‘This question will be treated in the discussion 
of the specific results. 

Expression of Isotopic Data—In Fig. 1 the specific activity X 3 of al- 
bumin-S®* is plotted on a logarithmic scale against time. Each point on 
the curve represents the counts per minute per mg. of albumin, assuming 
the injection of 10° c.p.m. per 200 gm. of rat weight; 7.e., 

105 D 


A 


Specific activity = B x0 


where A = counts per minute and B = the amount in mg. of albumin 
from the blood sample, C = counts per minute of albumin injected, and D 
= weight of the rat at autopsy. Thus, if A = 6350 c._p.m., B = 30 mg., 
C = 131,000 c.p.m., and D = 248 gm., then the specific activity becomes 
201 c.p.m. per mg. of albumin. 

The total amount of albumin in the circulation may be computed by divid- 
ing the average dose of albumin administered to the animals (in counts 
per minute) by the specific activity obtained by extrapolating the rapidly 
descending portion of the curve to zero time. Hence, if the average weight 
is 218 gm., the average dose is 1.09 X 10° c.p.m., and, if the extrapolated 
value is 307 c.p.m. per mg., then the value of circulating albumin is 355 mg. 
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The total amount of exchangeable albumin is calculated in the same way 
as the circulating albumin, except that in this case the specific activity is 


1000 


1000 


SPECIFIC ACTIVITY x 3 


DAYS 


Fic. 1. Specific activity of S*5-labeled albumin of hypophysectomized control 


rats. 


TABLE II 


Effect of Growth Hormone and Adrenocorticotropic Hormone on Metabolism of Albumin 


(A) tn Hypophysectomized Rats 


Experi- Exchange-| . Ratio, lace- | Relative 
days mg per 100 gm. 
lf 3.1 1530 0.30 342 
2 5.7 1490 0.24 180 100 
3 GHt 3.5 2480 480 290 
3.0 2120 0.28 492 280 
5 ACTH 3.8 1080 0.23 195 100 
6 << + GH 2.6 930 252 160 
7 GH + thyroxine 3.5 2400 480 300 


* Relative replacement rate for hypophysectomized rat = 100 (weight used is 


the original weight of the animal at onset). 
t Normal controls. Average body weight 233 + 3 gm. 
t Dose 0.1 mg. per day. 
§ Dose 0.5 mg. per day. 


obtained by extrapolating the metabolic or straight line portion of the curve 
back to zero time. From Fig. 1 we obtain 73 c.p.m. per mg. of albumin 
for the extrapolated value, whence the exchangeable albumin amounts to 


1490 mg. 


The replacement rate of albumin is calculated from the quotient of the 
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total exchangeable albumin and turnover time, the turnover time being 
equal to half life X 1.44. Thus, if the total exchangeable albumin = 1490 
mg. and the turnover time = 8.2 days, then the replacement rate is 180 mg. 
per day. 

The results obtained by treating the experimental data in the fashion 
indicated are shown in Table II. 


DISCUSSION 


Before discussing the results of the isotopic aspects of the experiments, 
it will be necessary to consider the meaning of turnover data obtained when 
the animals were subjected to different types of treatment and conse- 
quently had different pool sizes, that is, different amounts of total ex- 
changeable albumin and perhaps also different rates of synthesis and degra- 
dation of the protein. To simplify the treatment it will be assumed that 
the turnover process represents a balance between the operation of a 
synthetic and of a degradative system, and, furthermore, that net synthe- 
sis of protein occurs when the synthetic component is preponderant, while 
degradation results when the catabolic component preponderates. In brief, 
it is assumed that it is not separate systems which are responsible for turn- 
over or for net synthesis or degradation of protein. In addition, it can be 
assumed that when, for example, there is an initial increase (or decrease) 
in synthetic rate owing to hormonal treatment, the system tends to be 
brought into a new state of equilibrium by an increase (or decrease) in the 
rate of degradation of the large (or the smaller) pool. Otherwise, the 
amount of protein in the system would presumably increase or decrease 
indefinitely. Similarly, if the primary alteration occurs in the rate of degra- 
dation, the synthetic system is assumed to respond eventually with a cor- 
responding change. 

On the basis of these assumptions, it is possible to deduce from the di- 
rection of the changes in pool size, replacement rate, and half life, whether 
a given set of changes results from an initial modification in the synthetic 
rate or in the degradative rate. The general question will be discussed 
elsewhere in greater detail (12).2 Here it will suffice to summarize the de- 
ductions: the primary effect of an increase or decrease in rate of synthesis is 
to cause a corresponding increase or decrease in pool size and replacement 
rate, together with a change in half life in the opposite direction; the 
effect of an increase or decrease in rate of degradation is to cause a change 
in the opposite direction in the pool size and half life, together with a 
change in the same direction in the replacement rate. Hence, if the 
pool size and the replacement rate both decrease and the half life increases, 


*Steinbock, H. L., and Tarver, H., J. Biol. Chem., 209, 127 (1954). 
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as occurs in hypophysectomy, the effect must have resulted from an initia] 
reduction in the rate of synthesis. 

Effects of Hypophysectomy—The effect of hypophysectomy is to change 
the variables in the system, as indicated above. Hence, in the hypo 
physectomized animal there occurs initially a decrease in the rate of protein 
synthesis as compared with the normal. In addition, the data show that 
in the hypophysectomized animal the ratio between the circulating and 
exchangeable albumin appears to be somewhat reduced. The reason for 
such a change is not immediately evident. 

Effects of Growth Hormone—Compared with the untreated hypophysecto. 
mized animal, the animal treated with growth hormone had a much larger 
albumin pool and greater replacement rate, together with lower half life 
for the protein. This means that the initial effect of growth hormone is to 
cause an increase in the rate of the synthetic process. It should be noted 
that treatment of the hypophysectomized animal with growth hormone has 
a greater effect on the rate of synthesis than has the endogenous secretion 
of growth hormone produced by the normal animal. This may be due to 
the large dose employed, or, alternatively, it may be due to a hormonal 
imbalance (see the following section). In this connection it can be seen 
that the maximal effect of the hormone is elicited by the lower of the two 
doses used in these experiments. 

Since thyroxine is known to enhance the growth-promoting activity of 
growth hormone (13), it was thought that it might influence the action of 
growth hormone on albumin metabolism. It may be seen from the data 
in Table ITI that treatment with a combination of 0.002 mg. of thyroxine 
and 0.1 mg. of growth hormone did not cause any change in the metabo- 
lism of albumin over the results of treatment with growth hormone alone. 
In fact, the values for the half life of albumin, as well as for the amounts of 
exchangeable and circulating albumin and for the replacement rate of al- 
bumin, were remarkably similar in both groups of animals. 

Effects of ACTH—Compared with the untreated hypophysectomized 
animal, the animal treated with ACTH had a smaller albumin pool, witha 
reduced half life, but with no increase in replacement rate. These changes 
signify that the effect of treatment with ACTH is an initial stimulation of 
the degradative rate; however, since there is no increase in replacement rate, 
there can have been no secondary rise in the synthetic rate. Hence, it is 
evident that the effects of growth hormone and ACTH are opposed, and 
that the nature of the results which would be obtained by treating hypo- 
physectomized animals with both substances at once would depend on the 
relative amounts of the two. When both hormones were given simultane- 
ously, the effect of growth hormone was found to be preponderant; whereas 
in the normal animal as compared with the hypophysectomized animal, 
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the hormonal balance is such as to create a greater synthetic rate in the 
former. These effects of growth hormone and ACTH on the metabolism 
of albumin would thus seem to offer another illustration of the opposition 
of these two hormones in their action, not only with respect to protein 
metabolism, but in other biological processes as well (13). 

Relationship of Present Data to Literature—Although the effect of hor- 
mone on the dynamic aspects of albumin metabolism does not appear to 
have been investigated, a number of workers have examined the general 
picture of protein metabolism with respect to the effect of various hormones. 
Among the more pertinent and important of these contributions are those 
of Hoberman (14) and of Hoberman and Graff (15) carried out with fasting 
rats by means of the administration of glycine-N’* followed by the meas- 
urement of the ensuing rates of excretion of N' and N! by the animals. 
It may be noted that, besides being fasted, the experimental animals were 
also injected with relatively large volumes of saline to promote the flow of 
urine, a procedure which is not without effect on nitrogen metabolism. 
From data obtained in this manner, so called rates of amino acid catabo- 
lism and rates of total protein synthesis and breakdown may be calculated 
(14, 16). The hormonal effects deduced in this way apply to the fasted 
animal and may or may not be equally applicable to the fed animal. A\l- 
though the deductions made from these experiments have been questioned, 
on grounds other than those mentioned, by several authors (16-18), it is 
of interest to compare the conclusions which may be made from this type 
of work with those from the present experiments. This has been done in 
Table III. It may be seen that the results are in general agreement, the 
chief point of divergence being in the effect of growth hormone on the hypo- 
physectomized animal. The effects observed by Hoberman (14) were sig- 
nificant but not large, whereas in the present work the hormone had the 
effect of doubling the replacement rate. The conclusions are similar with 
respect to the primary effects of growth hormone and of ACTH, the former 
effecting synthesis, the latter, degradation. 

When Bartlett and Gaebler (19) carried out experiments which were of 
the same type as those just considered, except that normal dogs with or 
without growth hormone treatment were employed, they concluded that 
the hormone increased the rate of protein synthesis, according to calcula- 
tions by the method of Sprinson and Rittenberg (20), and, further, that the 
hormone caused a small increase in the fraction of the amino acid pool trans- 
formed into protein per unit time, as calculated by the method of Hoberman 
(14). In addition, the same workers (21) found that as a result of growth 
hormone treatment, the incorporation of labeled amino acid into various 
fractions of the plasma protein proceeded at an increased rate in the first 
3 hours, but thereafter proceeded more slowly until the termination of the 
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experiments at the end of 24 hours. The results were interpreted to mean 
that synthesis of plasma protein was stimulated in the animals treated with 
growth hormone. However, such an interpretation cannot be made with 
any degree of certainty, because the results might be similar if, for instance, 
the hormone effected the distribution of amino acid to the sites of syn. 
thesis, or if the synthesis of some other protein were inhibited there. 
Effect of Diet on Albumin Metabolism—In other studies it has been shown 
that the percentage of protein in the diet of rats makes a great deal of dif- 
ference with respect to the turnover rate of the plasma protein when the 
animals are allowed food ad libitum. On a high protein diet (65 per cent 


TABLE III 
Effect of Hormone Treatment on Rates of Synthesis and Degradation of Protein 
Present experiments Hoberman* 
Type of animal 
Primary Replace- | Synthetic 
effectf ment rate rate tion rate 
| 
+ GH§ S++ ++ + 0 
+ ACTH$§ D+ 0 + 
” + GH + ACTH$ D+ + 
+ ‘* + thyroxine§ S++ 


* Results of Hoberman (14) as reinterpreted by Russell (16) on metabolism of 


total protein. 

+S+ or S—, synthetic rate increased or decreased; D+, degradation rate in- 
creased; 0, no effect demonstrable. 

t Rates compared with normal animal as reference standard. 

§ Rates compared with hypophysectomized animal as mens standard. 

|| Increase of questionable significance. 


casein) the replacement rate is 2 or more times that resulting when the diet 
is protein-free. The question, therefore, arises as to whether, in the pres- 
ent experiments, the changes in rates of replacement were entirely attribu- 
table to changes in food (protein) consumption rather than being due to the 
effects of hormone treatment per se. 

For several reasons it appears likely that the major part of the observed 
effects are due to the hormone treatment. Marx and coworkers (22) 
showed that the administration to hypophysectomized animals of either 
growth hormone or ACTH caused only a slight increase in food consump- 
tion. The dietary effects previously mentioned were elicited when the ni- 
trogen excretion increased 8-fold. Rats whose nitrogen excretion was 
about twice that of controls on a diet composed of 25 per cent protein, mani- 
fested an increase in replacement rate of only 30 per cent. Hence, the 
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effect of growth hormone is probably in the direction of increasing the 
utilization of amino acids from the dietary and endogenous protein. 


SUMMARY 


The effects of the prolonged administration of growth hormone, ACTH, 
and thyroxine on the metabolism of plasma albumin were studied in adult 
hypophysectomized rats with S**-labeled albumin, and the following re- 
sults were obtained. 

1. In the hypophysectomized rat the initial effect is a decrease in the 
rate of albumin synthesis. The replacement rate in the normal rat is 
about twice as high as in the hypophysectomized animal. 

2. Treatment of the hypophysectomized animal with growth hormone 
results in a great stimulation of albumin synthesis, so that the replacement 
rate is increased 2-fold or more. 

3. Thyroxine does not potentiate the effect of growth hormone. 

4. Treatment of the hypophysectomized animal with ACTH results in 
an initial increase in the rate of albumin degradation, together with an 
insignificant effect in the direction of increased replacement rate. 

5. Growth hormone and ACTH, administered to the hypophysectomized 
animal, have antagonistic effects. Under the conditions of these experi- 
ments the replacement rate was increased by a combination of the two. 
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PLASMA PROTEIN 


V. THE EFFECT OF THE PROTEIN CONTENT OF THE DIET 
ON TURNOVER* 


By HELENE L. STEINBOCK anp HAROLD TARVER 


(From the Department of Physiological Chemistry, University of California School of 
Medicine, Berkeley, California) 


(Received for publication, December 4, 1953) 


Previously we have reported on the metabolism of biologically labeled 
plasma protein in rats (1, 2), the protein being labeled by administering 
either serine-3-C™“ or C-labeled Rhodospirillum rubrum (3) to the donor 
animals. Plasma was separated from the blood drawn 8 hours after the 
administration of the labeling agent. The experiments showed the rapid 
passage of the plasma protein from the circulation into the tissues and 
lymph with consequent rapid loss of label, and a slower loss of label due 
to the metabolism of the protein. ‘The purpose of the present experiments 
was to investigate the effect of the protein content of the diet on the rate 
of replacement of the plasma protein. It has been found already that diet 
actually does affect the rate of loss of label from plasma and tissue pro- 
tein by following the loss of labeled amino acid from the tissue protein 
of rats after the administration of methionine-S**, but no definite figures 
for replacement rates in the different conditions were obtained from the 
experiments (4). 


EXPERIMENTAL 


Labeled Plasma—This was prepared by the administration of methionine- 
S* separated from hydrolysates of S**-labeled yeast (Torulopsis utilis)! by 
the use of ion exchange columns containing Dowex 50 or by feeding the 
boiled yeast directly to donor rats, which were sacrificed by withdrawing 
blood after 8 hours. The plasma was subjected to dialysis to remove any 
residual free labeled amino acid. None of the radioactivity in the protéin 


*Our best thanks are due to the American Cancer Society which, through the 
advice of the Committee on Growth of the National Research Council, provided a 
major part of the funds necessary to permit the pursuit of this problem. Similar 
thanks are also due to the School of Medicine, University of California, for providing 
additional assistance. Thanks are also tendered to the United States Atomic Energy 
Commission, Oak Ridge, for supplies of radioactive sulfur. 

1 We are very much obliged to Dr. J. L. Wood for supplying us with a culture of 
the yeast employed in work on the biosynthetic preparation of methionine- and 
cystine-S35 (5). 
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was removed by treating it with monothioethylene glycol (6), and little 
if any, was in the form of free amino acid (1). 

Experimental Animals—The diets used were similar to those previously 
employed (7) and they were fed for a minimum of 3 wecks prior to the 
administration of the plasma protein (see Table I). They contained var. 
able amounts of casein substituted for corn-starch. In both experiments 
each diet was fed to groups of four male rats except in Experiment I in 
which the protein-free group comprised three animals only. The plasma 
was injected into the external jugular vein in the amount of 0.35 ml. (Ex. 
periment I) or 0.25 ml. (Experiment II). Blood samples were removed 
from the tail vein of each of the animals at intervals up to 7 days after the 
administration of the plasma. Samples of the whole blood (0.025 ml) 
were spread on thin aluminum plates, dried, and counted with a gas flow 
Geiger-Miiller counter. The hematocrit was determined on the blood at 
the beginning and at the end of the experiment and the activity in the 
plasma was calculated on the assumption that the cells contained no sig. 
nificant amount of label (1). Plasma protein was determined by the 
biuret method (8). 

All doses are calculated to 10° c.p.m. per 200 gm. of rat, although the ac- 
tual dosages of radioactive plasma were 14 or more times this size (see 

Table I). 


Results 


It is evident from Fig. 1, which illustrates the data from both experi- 
ments, that the rapidity with which the label disappears from the circula- 
tion between the 2nd and 7th day after injection of the plasma protein, 
indicating the metabolism of the protein, is markedly affected by the pro- 
tein content of the diet. In Experiment I the half life for the group of 
rats on the protein-free diet was 17 days, for those on 25 per cent protein 
5.1 days, and for those on 65 per cent protein it turned out to be 29 
days. From the scattering of the points on the curve for the group on the 
protein-free diet, it is obvious that the value of 17 days can be only taken 
as an approximation. These figures should be compared with the value 
of 3.1 days given by Abdou and Tarver (1, 2) for the half life in rats 
on the ordinary laboratory diet. It should be noted that the dose of 
plasma*employed by these workers was 1.5 ml., compared to the 0.25 or 
0.35 ml. used in the present work. However, it may be noted that even 
in the 1.5 ml. of plasma the total protein (approximately 100 mg.) is rela- 
tively small compared with the total exchangeable protein in the system. 
Thus the two sets of data are not strictly comparable on account of dif- 
ferences in the amount of plasma protein injected, the differences in the 
diets of the animals, and because of the fasting period employed by 
Abdou and Tarver. 
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The amount of the circulating plasma protein is calculated from the 
dilution of the injected plasma protein observed immediately after injec- 
tion, that of the total exchangeable plasma protein from the figure obtained 
by extrapolating the metabolic part of the curves to zero time. Table I 
shows that there are considerable differences in the circulating plasma pro- 
tein, and total exchangeable plasma protein in the groups of animals used, 
although the groups with the highest per cent protein in the diet did not 
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Fig. 1. Change with time of specific activity of the plasma protein of rats injected 
with plasma protein labeled with S*5. Experiment I, rats maintained on diets con- 
taining either 0, 25, or 65 per cent protein. Specific activity is in terms of counts per 
minute per mg. of protein when the dose is calculated to a basis of 500 c.p.m. per gm. 


of rat. 


have the greatest amount of plasma protein. From the figures it is evi- 
dent that there is 3 or 4 times as much plasma protein outside the vascular 
system as there is in it. Consequently, the figure of 63 mg. of plasma 
protein synthesized per day per 100 gm. of rat given by Abdou and Tarver 
(2) is an underestimate, as they noted. The fastest rate of synthesis ob- 
served, that in the animals on a 65 per cent protein diet, amounted to 250 
mg. per 100 gm. of rat per day, the slowest rate being only a fraction of 
this value. 

The results obtained in the first experiment are confirmed by those of 
the second, which are also summarized in Table I, although the half life 
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of the plasma protein for the group of animals on a protein-free diet in this 
experiment is considerably less than that found in the previous one. Hoy. 
ever, as already noted, it is probable that there is considerable error in the 


estimated half life in this group of rats in Experiment I. For the cop. 
TABLE I 
Summary of Data from Experiments I and II 
Experiment I* Experiment II} 
Protein in diet 
0 per 25 per 65 per 0 per 65 per 
centtf cent cent cent cent 
Average weight at onset, gm................. 257 269 260 279 276 
AW, tom, om. por deyl........ 1.2 0.4 2.0 1.8) 47 
Circulating protein, mg..................... 510 890 800 710 ~=—|1040 
per 100 gm.J....... 200 330 310 250 380 
Replacement rate, mg. per day.............. SO 520 680 240 740 
100 gm. per 30 190 260 86 270 


* Donor plasma labeled by administering methionine-S*5. The rats used were on 
the diet for 28 days before injection of the plasma, 0.35 ml., with an actual activity 
of 1.39 X 10° c.p.m. Experimental period 7 days. 

t Donor plasma labeled by administering boiled yeast labeled with S*5. The rats 
were on the diet for 21 days before injection of the plasma, 0.25 ml., with an actual 
activity of 2.22 10°c.p.m. Experimental period 6 days. 

t The estimates of the half life and other derived values in this group may be in 
considerable error because of the poor fit of the curve to the points (see Fig. 1). 

§ W, average weight computed from weight at the beginning and end of period 
during which the turnover measurement was being made. 

|| AW measured during the same period. 

{¢ Computations with average weight at onset, that is, before animals were placed 
on the dietary regimen. 


responding group in Experiment IT the points lie more nearly on a smooth 
curve. In the case of the two groups with the higher per cent protein in 
the diet, the data are in good agreement. 


DISCUSSION 


For purposes of the discussion which follows it will be assumed that the 
processes involved in turnover may also result in either net synthesis or 
net degradation of protein, net synthesis occurring, for example, when there 
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is a preponderance of the synthetic phase of the turnover process. In addi- 
tion it will be assumed that any change in synthetic rate will eventually 
be reflected in a corresponding change in degradation rate, even though 
{here may be no actual coupling between the two processes such as that 
suggested by the work of Simpson (9). Then, if a change is made in a 
given system so that the synthetic rate is increased, the pool size and the 
replacement rate will both increase whereas the half life will decrease. As 
the system attains a new equilibrium by an increase in degradative rate, 
the effect on the half life will be reduced; thus it may become less than it 
was in the original state, if the pool size increases sufficiently. Similarly, 
if, instead of initially increasing the synthetic rate in the system, the 


TABLE II 


Effect of Differences in Synthetic or Degradation Rate on Pool Size, Half Life, and 
Replacement Rate 


Effect (increase or decrease) 
Difference in systems 
Replacement 
Pool size Half life cali 
Synthetic rate (increased)*................ +. 
Degradation rate (decreased).............. + 


* When the primary change is in the synthetic system, the initial effect observed 
before the pool size has changed significantly and before there has been a secondary 
response of the degradation system will be greater than that observed at equilibrium. 
If the secondary change in the degradative system occurs so that the pool size 
changes greatly, the effect on the half life may be the opposite to that shown. 


degradative rate is decreased, again the pool size will increase, but the half 
life instead of decreasing will increase and the replacement rate will even- 
tually become smaller. The effects of these two initial changes and of 
changes in the opposite directions are shown in Table II. From this 
summary it is evident that if animals, originally similar before treatment, 
are different with respect to pool size, half life, and replacement rate of 
their plasma protein afterwards, it can be decided whether the changes 
resulted from an initial modification in synthetic or in degradative rate. 
The results of the present experiments show that the group of animals 
on a 25 per cent protein diet had a greater average pool size, a shorter half 
life, and a greater replacement rate than those on a diet free of protein. 
This means that increasing the protein content of the diet would result in 
an initial increase in the rate of plasma protein synthesis. A further 
change in the protein content of the diet from 25 to 65 per cent resulted in 
a decrease in the pool size, an additional decrease in the half life, together 
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with an increase in replacement rate. Thus, in this range, increasing the 
protein content of the diet would result in an initial increase in the rate of 
degradation. ‘Thus, whether a given change in the protein content of the 
diet will result in an initial stimulation of protein synthesis or of degrada. 
tion will depend on the initial diet. 

In unpublished work of J. Rutman and H. Tarver, it was observed that 
slices from the livers of animals maintained on a low protein diet possessed 
less ability to incorporate methionine-S* than slices from the livers of 
animals maintained on high protein diets. In the experiments cited the 
incubations were carried out without added amino acids and the effects 
noted on incorporation were less than those observed in replacement rate 
in the present experiments. Hence, it is possible that zn vivo the rate of 
plasma protein synthesis is largely controlled by the availability of the 
necessary amino acids and by the intracellular amino acid concentrations, 

Although it cannot be concluded with certainty from the present ex. 
periments whether the turnover is a continuous process, or whether it is 
one in which there is a considerable fluctuation throughout the day, be- 
cause the requisite amino acids are not in steady supply, a fluctuation rate 
of synthesis probably prevails. It is unlikely that a continuous steady 
turnover is being measured. Such a process probably does not exist in 
actual biological systems. 


SUMMARY 


The results of these experiments show that the per cent protein in the 
diet greatly influences the half life and the rate of replacement of the 
plasma protein in rats. On a protein-free diet the replacement rate is 
small, whereas on a high protein diet it may be 2 or more times as high. 

From the changes in half life, replacement rate, and pool size, which 
occur when the protein content of the diet is changed, it is deduced that 
‘such changes may cause either an increase in rate of synthesis or in rate of 
degradation, depending on the nature of the original diet. 
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ACTION OF CARBOXYPEPTIDASE ON HYPOPHYSEAL GROWTH 
HORMONE 


By J. IEUAN HARRIS, CHOH HAO LI, PETER G. CONDLIFFE, anp 
NING G. PON 


(From the Hormone Research Laboratory, University of California, 
Berkeley, California) 


(Received for publication, January 25, 1954) 


The use of carboxypeptidase for the identification of C-terminal amino 
acids in polypeptide and protein molecules has been reported in recent years 
fom many laboratories (1-13); in addition, the enzymatic procedure has 
been applied to study the effect of the removal of C-terminal residues upon 
the biological function of certain proteins (2, 3, 6, 14). In view of the 
recent suggestion (15) that the growth hormone (somatotropin) molecule 
is composed of two peptide chains having alanine and phenylalanine as 
N-terminal amino acids, it seemed of interest to see whether the car- 
boxypeptidase method could be applied to the identification of the cor- 
responding C-terminal amino acids in the two chains, and also to an investi- 
gation of the effect of enzymatic action upon the biological activity of the 
hormone. 


EXPERIMENTAL 


Growth hormone was prepared from the anterior lobes of ox pituitary 
glands by methods previously described (16, 17). These preparations be- 
haved like a pure protein of molecular weight 45,000 (16, 17) and no in- 
homogeneity could be detected when the protein hormone was further 
examined by the techniques of zone electrophoresis (18), adsorption 
chromatography,' and end-group analysis (15). The growth-promoting 
activity was estimated by the tibia test and by the rate of gain in body 
weight of. hypophysectomized rats (19). The crystalline enzyme used 
throughout this work was a preparation, recrystallized six times, gener- 
ously supplied by Dr. W. M. Thompson of the Armour Research Labora- 
tories. | 


Preliminary Studies? 
Growth hormone preparations were incubated with carboxypeptidase 
(the ratio of enzyme to substrate varied between 1:50 and 1:200 in differ- 


1H. Clauser and C. H. Li, to be published. 
?An account of these preliminary experiments was communicated by Condliffe 
and Li (20). ) 


133 


ng the | 
of the 
grada- 
d that 
ers of 
od the 
effects 
t rate 
ate of 
of the 
tions, 

t ex- 
r it is 
Vy be- 

rate 
teady 
ist in 

the 
high. 
| 


134 HYPOPHYSEAL GROWTH HORMONE 


ent experiments) at pH 8.0 to 8.5 and 25° for 12 to 24 hours. The crystal. 
line enzyme was suspended in dilute sodium bicarbonate and dissolved by 
the addition of 0.1 N NaOH. No buffers were used, but the pH of the re 
action solution (8.0 to 8.5) was found not to change appreciably during the 
period of incubation. Enzyme action was terminated by the addition of 
trichloroacetic acid (TCA) to a final concentration of 5 per cent. The pre 
cipitated protein fraction was removed by centrifugation, and the super. 
natant solution was examined for digestion products by chromatography 
on paper, after being passed through an Amberlite (IR-4B) resin colum 
to remove TCA as previously described (5). Two-dimensional chroma. 
tography on paper (butanol-acetic acid-H,O (4:1:5) and phenol-isopropa. 
nol) revealed that several amino acids were, in fact, liberated from the go. 


TaBLeE 
of Carboxypeptidase-Treated Growth Hormone 
Time of reaction No. of rats Total dose 
0:1 24 10 80 220 + 21* 
0:1 6 5 100 235 + 9 
1:50 24 9 80 235 + 9 
1:50 6 5 100 256 + 12 
1:210 24 4 80 239 + 12 
0:0 24 22 0 148 + 2 


* Mean + standard error. 


matotropin molecule; of these, phenylalanine seemed to be present in the 
largest amount, although alanine, serine, leucine, threonine, aspartic acid, 
and valine could also be detected, particularly after prolonged digestion. 

Growth hormone preparations treated as described above were found to 
retain complete biological activity when assayed by the tibia method (Table 
I). At this stage no information was available as to the molar yields of 
the amino acids liberated in the carboxypeptidase reaction, but there was 
good evidence for the identification of phenylalanine as a C-terminal amino 
acid in the growth hormone molecule. 


C-Terminal Group Analysis 


In order to attain accuracy in studies in which the carboxypeptidase 
method of end-group analysis is employed, it is necessary to insure the 
complete absence of endopeptidase activity in the enzymatic system. Last 
traces of trypsin and chymotrypsin can be inactivated by prior incubation 
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of the enzyme solutions with diisopropyl fluorophosphate (DFP) (21), 
which does not inactivate carboxypeptidase to any significant extent (7, 
9). 

In a typical experiment, growth hormone (10 mg.) was incubated at 
pH 8.0 to 8.5 and 25° for 8 hours with carboxypeptidase (25 y of enzyme 
nitrogen) pretreated with DFP at pH 8.0 for 15 minutes.* Enzyme action 
was terminated by the addition of 0.1 N HCl to pH 4, and free amino acids 
were separated from large molecular weight material by shaking the solu- 
tion for 1 hour with a sulfonated polystyrene resin (Amberlite IR-120, 


Butenoi-Acetic Acid 


lIm-Cresol“Phenol. pH 9.3Borate Buffer (0.1M) 


Leucine 


Phenylalanine 


Fic. 1. Chromatography of amino acids released by the action of carboxypeptidase 
on somatotropin. Whatman No. 52 filter paper. Solvent, butanol-acetic acid-H:O 
(4:1:5)-phenol-m-cresol (1:1), saturated with borate buffer, pH 9.3. 


H+ form, 20 to 50 mesh); the supernatant solution was decanted, the resin 
was washed with distilled water, and the amino acids were displaced from the 
resin with 5 M ammonia (4,22). The qualitative identification of the amino 
acids liberated from growth hormone was achieved by two-dimensional 
chromatography in butanol-acetic acid-H,O (4:1:5)-phenol-m-cresol (1:1), 
saturated with borate buffer, pH 9.3 (23). As shown in Fig. 1, phen- 
ylalanine again appears as the main product of digestion, although sig- 
nificant amounts of alanine, leucine, and serine, together with traces of 
threonine and lysine, are also present, presumably as a result of the step- 
wise degradation of the peptide chain (or chains) in the hormone molecule. 


*A sufficient amount of a 0.1 mM solution of DFP in isopropanol was added to pro- 
vide a 50-fold molar excess with respect to the enzyme. 
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Quantitative Studies 


In order to obtain a quantitative estimate of the amino acids liberated 
during the carboxypeptidase reaction a new procedure has been developed! 
based on the method of Levy and Chung, for the quantitative estimation 
of amino acids as their dinitrophenyl (DNP) derivatives. 

Growth hormone (9.2 mg., 0.2 um) was incubated with carboxypeptidase 
as described above (enzyme-substrate mole ratio, 1:50, pH 8.5, 25°, 16 
hours). The enzyme-substrate incubation mixture (2 ml.) was transferred 
to the reaction cell of a recording autotitrator (24) and allowed to reaet 
with dinitrofluorobenzene (DNFB) at pH 9.0 and 40°. When reaction 
with available free amino groups was complete, as gaged by the alkali 
uptake curve recorded by the autotitrator, the reaction was stopped and 
excess reagent was removed by extraction of the alkaline solution with 
ether. The aqueous phase was then acidified to pH 1.0, and the DNP de. 
rivatives of those amino acids which had been liberated during the carbox- 
ypeptidase reaction were separated from the DNP derivative of the resi- 
dual growth hormone® by means of continuous extraction with ether of the 
acidified suspension. DNP protein was collected by centrifugation and 
the combined ether extracts concentrated in vacuo. Dinitrophenol was re. 
moved by sublimation as described by Mills (25) and the residual DNP 
amino acids examined by two-dimensional chromatography on paper! 
Spots representing the DNP derivatives of phenylalanine, alanine, leucine, 
and serine, and corresponding to the amino acid chromatogram (Fig. 1), 
were obtained, and, in addition, smaller amounts of DNP threonine, valine, 
lysine, and tyrosine were also present. The DNP amino acids were sepa- 
rately eluted with 1 per cent NaHCO; (4 ml.) and estimated by measuring 
their light absorption at 360 my in a Beckman spectrophotometer accord- 
ing to the procedure of Levy and Chung.’ The results’ obtained with two 
. different preparations of growth hormone, summarized in Table II, reveal 
that 2 moles of phenylalanine are liberated per mole of growth hormone, 
and that progressively smaller amounts of alanine, leucine, serine, threo- 
nine, valine, lysine, and tyrosine are subsequently released. 

Additional experiments were designed to investigate the rate of libera- 
tion of the main products in the carboxypeptidase reaction. Crystalline 
carboxypeptidase (120 y of enzyme nitrogen) was suspended in water (2 ml.) 


4J. I. Harris and N. G. Pon, to be published. 

5 A.L. Levy and D. Chung, to be published. 

6 The DNP derivative of the residual growth hormone was collected and subse- 
quently used for the identification and quantitative estimation of the N-terminal 
amino acids as described later. 

7 The results were corrected on the basis of experimentally determined standard 
curves obtained for the recovery of amino acids as their DNP derivatives in the 
presence of DNP growth hormone. 


anc 
(0. 
for 
phi 

| sol 

| t 

4, 
ant 
by 
lin 
Q 

Pk 

Al 
Le 

Se 
Th 
Vs 

L 

T 

| 


HARRIS, LI, CONDLIFFE, AND PON 137 
and dissolved by the addition of n NaHCO; (0.1 ml.) and 0.1 Nn NaOH 
(0.25 ml.). The pH of the enzyme solution was adjusted to 8.5 by the 
addition of 0.1 N HCl (0.25 ml.). The solution was then incubated at 25° 
for 15 minutes in the presence of a 50-fold excess of diisopropyl] fluorophos- 
phate. ‘The enzyme solution (4 ml.) at 25° and pH 8.5 was added to a 
solution of growth hormone (40 mg.) in water (4 ml.) at pH 8.5, and the mix- 
ture was incubated at 25°. Aliquots (1 ml.) were removed after 0.5, 1, 2, 
4,6, and 12 hours, acidified to pH 3.0 to prevent further enzyme action, 
and subsequently allowed to react with DNFB;®: § the amino acids liberated 
by carboxypeptidase were then estimated by the DNP procedure as out- 
lined above. 


TABLE II 


Quantitative Estimation of Amino Acids Liberated by Action of Carboxypeptidase* 
on Somatotropin 


uM amino acid per 9.2 mg. somatotropin 
Amino acid acid liberated 
Preparation A Preparation B per molet 
0.36 0.36 1.8 


*Enzyme-substrate nitrogen 1:50; incubated at pH 8.5 and 25° for 16 hours. 
t The molecular weight of somatotropin is taken as 45,000. 


A curve for the main products of digestion, namely, phenylalanine, ala- 
nine, and leucine, is plotted in Fig. 2. It is evident that liberation of 
phenylalanine is complete after 6 hours and attains a plateau value which 
corresponds to 2 residues of phenylalanine per mole of growth hormone. 
Alanine and leucine are released much more slowly and are present to the 
extent of less than 0.5 mole per mole of growth hormone after 12 hours of 
digestion, together with even smaller amounts of serine, threonine, valine, 
lysine, and tyrosine in that order of magnitude. 

For further digestion studies, an enzyme-substrate incubation mix- 
ture prepared under the conditions described above (and corresponding 
to the degree of digestion illustrated after 12 hours in Fig. 2) was dialyzed 
at pH 4 and the residual hormone subsequently recovered by ethanol pre- 


*The DNFB was added at pH 3 and the pH was raised to 9.0 in the presence of the 
reagent in order to prevent reactivation of the enzyme between pH 6 and 9. 
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cipitation (17). When this material was subjected to a second 8 how} tida 
period of digestion with freshly added carboxypeptidase, at pH 8.5 and 25° It is 
additional quantities, approximating 0.5 mole each of alanine, leucine, ang § he 
serine, together with traces of threonine, valine, lysine, and tyrosine, wer § 20 
liberated. The complete absence of phenylalanine confirms the fact thgt | ti 
the liberation of phenylalanine from somatotropin is complete when it has I 
been released in an amount corresponding to 2 moles of amino acid per mok § 
of hormone. Furthermore, the presence of alanine, leucine, and serine jp | !t" 
stoichiometrically significant amounts reveals that these amino acids ar | 9 
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Fic. 2. Rate of release of amino acids by the action of carboxypeptidase on on 
somatotropin. Enzyme-substrate, 1:50; pH 8.5, at 25°. hii 
released in a stepwise manner from one or the other of the peptide chainsin | *? 
the somatotropin molecule. ne 
In an attempt to assess the significance of those amino acids present s1 
only in stoichiometrically fractional amounts, a control experiment was it 
set up to simulate the conditions employed during the procedure used for : 
the release and subsequent estimation of the amino acids formed in the = 
carboxypeptidase-somatotropin reaction. In this case, however, enzyme ; 
and substrate solutions were incubated separately at pH 8.5 and 25° for 12 | 
hours and acidified to pH 3.0 before mixing. Estimation by the DNP * 
procedure® showed asparagine, serine, threonine, valine, leucine, phenyl % 
alanine, tyrosine, and lysine to be present in amounts corresponding to the 


less than 0.02 mole of amino acid per mole of somatotropin. This amino 
acid background is presumably formed by the autolysis of carhoxypep- | 
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dase which becomes denatured under the conditions of the experiment. 
It is clear, however, that the procedure developed and described herein for 
the analytical use of carboxypeptidase does not lead to an appreciable 
non-specific liberation of amino acids by any process other than the direct 
action of the enzyme on its substrate. 

It is possible, nevertheless, that some of the amino acids present in 
stoichiometrically fractional amounts in carboxypeptidase digests of soma- 
totropin (see Table II) are formed by the enzymatic degradation of small 
amounts of polypeptide impurities present in the hormone preparations. 
In view of this possibility, the occurrence of threonine, valine, lysine, and 
tyrosine in the C-terminal region of the somatotropin molecule is considered 
to be questionable. 


N-Terminal Growp Studies on Carboxypeptidase-Treated Somatotropin 


It seemed of interest to see whether the DNP derivative of the residual 
protein hormone (formed as a by-product during the procedure for the esti- 
mation of amino acids liberated by carboxypeptidase) could be used for 
the identification and quantitative estimation of its N-terminal groups. 
Employing the dinitrofluorobenzene method of Sanger (26), Li and Ash (15) 
found that alanine and phenylalanine occurred as N-terminal amino acids in 
smatotropin, and this result has now been confirmed by a microprocedure 
which will be described elsewhere.?® 

The DNP protein (derived from 9.2 mg. (0.2 um) of somatotropin used 
in the carboxypeptidase reaction) was transferred to a hydrolysis tube and 
heated in vacuo with 6 N HCl (2 ml.) for 16 hours at 105°. The acid hy- 
drolysate was extracted with ether and the combined ether extracts washed 
with water and concentrated in vacuo. ‘Two-dimensional chromatography 
on paper of the ether-soluble residue revealed the presence of the DNP 
derivatives of alanine and phenylalanine, together with traces of serine, 
asparagine, and leucine. Since reaction with dinitrofluorobenzene prior 
to treatment with carboxypeptidase gave only alanine and phenylalanine, 
it is possible that the other amino acids are present because of the incom- 
plete extraction of the DNP derivatives of amino acids formed in the car- 
boxypeptidase reaction. The presence of serine and asparagine is of inter- 
est, since these amino acids have been shown to arise from carboxypepti- 
dase itself when the DNP procedure is applied (27). 

The DNP amino acids were eluted with 1 per cent NaHCO; (4 ml.) and 
estimated at 360 my in the Beckman spectrophotometer. The results are 
summarized and compared with those of Li and Ash (15) in Table III. 
It may be seen that the present results are essentially in agreement with 
those reported earlier and support the hypothesis that the somatotropin 


*A. L. Levy and C. H. Li, to be published. 
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molecule consists of two open peptide chains having alanine and pheny. 
alanine as N-terminal residues. 


TaBLeE III 
N-Terminal Residues in Somatotropin 


Moles of N-terminal residue per mole somatotropin 
N-terminal residues Earlier investigation* Present investigation 
Uncorrected Corrected* Uncorrected Corrected* 
0.6 0.9 0.71 1.06 


* See Li and Ash (15). 


TaBLeE IV 
Action of Carborypeptidase on Somatotropin 
Tibia test* Weight maintenance testt 
Experiment N Width of 
of of Initial Final Gain 
rats of tibia rats 
gm. gm. gm. 
Enzymatic Digest Af...... 5 229 + 4.8§ 7 |117 + 1.2)135 + 1.4) 17.9 + 0.6 
oe BY.....; 223 + 7.9 
Untreated hormone........ 77; 230 + 1.7 | 8 (129 + 0.2)147 + 1.8) 18.6 + 2.3 
22; 148 + 2.4 | 5 + 1.6)112 + + 1.4 


* Animals given a total dose of 80 y in 4 days. 


t Hypophysectomized male rats, 40 days of age at operation, were injected intra- 


peritoneally with 0.05 mg. once daily for 10 days beginning on the day of operation. 

t pH 7.5 to 8.0 at 25° for 16 hours; ratio enzyme-substrate, 1:60; 2 moles of phenyl- 
alanine had been removed from the protein hormone. 

§ Mean + standard error. 

|| p values from Fisher’s table of ¢. 

§ Further hydrolysis with carboxypeptidase of the product recovered from Enzy- 
matic Digest A. 


Biological Activity of Carboxypeptidase-Treated Somatotropin 


When somatotropin, from which 2 residues of phenylalanine had been 
removed by the action of carboxypeptidase, was assayed for biological ac- 
tivity, it was found according to both tibia width and body weight assay 
results (see Table IV) that C-terminal phenylalanine is not essential for 
the biological function of the hormone. It is of interest to note that further 
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digestion of the modified hormone (Enzymatic Digest A of Table IV), 
performed in order to release additional amino acids from the C-terminal 
region, did not cause any significant loss of biological activity. 


DISCUSSION 


The use of carboxypeptidase as an analytical tool for determining C- 
terminal groups in proteins is based upon the primary assumption, by 
analogy with its action on synthetic substrates (28), that carboxypepti- 
dase attacks specifically only those peptide bonds which are situated adja- 
cent to free a-COOH groups in polypeptide chains. It might thus be 
expected that the enzyme could continue to release amino acids one by one 
along a peptide chain by a stepwise process, the rate of release of each 
amino acid being governed not only by the side chain specificity of the 
amino acids forming the susceptible peptide bond, but also by the over-all 
environmental conditions (e.g. steric, electrostatic, and chemical), imposed 
by the size and shape of the polypeptide chain in a folded protein molecule. 

From a study of N-terminal groups in somatotropin by the dinitro- 
fluorobenzene method it was inferred that the protein molecule, of molecu- 
lar weight 45,000, contains two open polypeptide chains. On this basis, it 
seemed reasonable to predict the presence of two corresponding C-terminal 
amino acids.'° It has now been shown that 2 residues of phenylalanine, 
together with stoichiometrically significant amounts of alanine, leucine, 
and serine, are released from the somatotropin molecule by the action of 
carboxypeptidase, and it may be concluded that phenylalanine occurs as 
the C-terminal residue of one and probably of both the polypeptide chains 
which constitute the hormone molecule. Rate studies have shown further 
that those amino acids other than phenylalanine which are released in 
significant amounts appear in the order alanine> leucine> serine. 

Since carboxypeptidase would be expected to release amino acids simul- 
taneously and in a stepwise manner from both of the polypeptide chains 
present in somatotropin, it is not possible on the basis of the present results 
to deduce an amino acid sequence unequivocally characteristic of one par- 
ticular chain. It is clear, however, that the 2 phenylalanine residues re- 
leased by the enzyme must either occupy C-terminal positions in both pep- 
tide chains, or else occur together as the C-terminal sequence Phe.Phe in 
one of the chains. In the latter event the other C-terminal position in the 
molecule could be occupied by an amino acid which is highly resistant to 
the action of carboxypeptidase, for example, proline. It could then be 
inferred that the other amino acids found in the carboxypeptidase di- 


This assumption is not necessarily correct, since it is also possible to envisage 
astructure involving a branched polypeptide chain having 2 N-terminal residues and 
only 1 C-terminal residue. 
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gest are released by the stepwise degradation of a C-terminal sequeng 
Ser.Leu.Ala.Phe.Phe present in one chain. However, it could be posty. 
lated with equal justification that a C-terminal sequence Phe.Phe in on 
chain is flanked by an amino acid which is resistant to the action of the 
enzyme, and in this event one could envisage the occurrence of the C-terni. 
nal tripeptide sequence Ser.Leu.Ala in the other chain. 

From the available data, it does not seem possible to resolve these po. 
sibilities, and the situation illustrates the limitations of the carboxypep. 
tidase technique as a method for identifying C-terminal groups in proteins, 
Although it is tempting to postulate the presence of 2 C-terminal phenyl. 
alanine residues in the growth hormone molecule, the unequivocal eluci- 
dation of the nature of the second C-terminal amino acid!® must await 
the results of further investigation... On the other hand, it has been 
established that 2 residues of phenylalanine can be removed from the pro. 
tein hormone without any detectable loss of its biological potency. In this 
respect somatotropin resembles insulin (14), lysozyme,” and tobacco mosaie 
virus (6), since it has previously been shown that C-terminal alanine, lev- 
cine, and threonine, respectively, are not essential for the biological func. 
tions of these substances. 


SUMMARY 


Two residues of phenylalanine, together with smaller but stoichiometric. 
ally significant amounts of alanine, leucine, and serine, are shown to be 
released by the action of carboxypeptidase on growth hormone (somato- 
tropin). Phenylalanine is identified as the C-terminal residue of at least 
one, and probably of both, of the constituent peptide chains in the somato- 
tropin molecule, and C-terminal phenylalanine is shown not to be essential 
for the biological function of the hormone. The application of a new pro- 
. cedure for following the rate of liberation of amino acids from proteins by 
the action of carboxypeptidase, together with a method for the identifica- 
tion and quantitative estimation of both N- and C-terminal groups.in 
the same protein sample, is described. 


The authors wish to thank Dr. A. L. Levy for many helpful discussions 
and to acknowledge the generosity of the Rockefeller Foundation and the 
American Cancer Society upon recommendation of the Committee on 
Growth of the National Research Council for research grants. 


11 One of us (J. I. H.) has modified the procedure of Schlach and Kumpf (29) for 
the conversion of C-terminal amino acids into their corresponding thiohydantoin 
derivatives. 5-Benzyl-2-thiohydantoin was the only thiohydantoin identified from 
growth hormone by this method, indicating that the reactive amino acid is phenyl- 
alanine. 

12 J. I. Harris, unpublished results. 
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COLORIMETRIC DETERMINATION OF CARBAMYLAMINO 
ACIDS AND RELATED COMPOUNDS* 


By SEYMOUR B. KORITZ{ anp PHILIP P. COHEN 


(From the Department of Physiological Chemistry, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, January 15, 1954) 


The active metabolic réle of carbamyl-t-glutamic acid (CLG) in the 
biosynthesis of citrulline (1) and of carbamylaspartic acid in pyrimidine 
synthesis (2, 3) has made an analytical method for carbamylamino acids 
desirable. The presence of the ureide grouping should make these sub- 
stances susceptible to determination by the diacetyl method of Fearon (4). 
However, the usual procedure or the several modifications of it (5-7) are 
too insensitive for this substance to be of any practical value. Wheatley 
(8) found that, if the condensation of urea with the diacetyl reagent is 
carried out in the presence of an aromatic amine, the intensity of the re- 
sulting color is greatly increased. On this basis an adequate determination 
for carbamylamino acids was developed. Although the method has been 
elaborated with respect to CLG, it has been used successfully for estimating 
carbamylaspartic acid. Since the other carbamylamino acids tested, with 
the exception of carbamylproline, are also chromogenic, the method may 
also be applied to them quantitatively. 

Reagents— 

50 per cent (volume per volume) H2SQ,. 

1 per cent aqueous sodium diphenylamine-p-sulfonate. Store in the 
dark. 

3 per cent aqueous diacetylmonoxime. 

1 per cent potassium persulfate. Store in the refrigerator. 


Procedure 


To 3 ml. of the sample, add 6 ml. of 50 per cent H2SO,, 0.1 ml. of the 
amine, and 0.25 ml. of diacetylmonoxime. The tubes are mixed, capped 
(1-hole alkali-treated rubber stoppers, in which a short section of capillary 
tubing was placed, were used), and placed in a boiling water bath for 10 
minutes. They are then cooled in a bath of cold tap water, and to the 
cold tubes 0.25 ml. of the persulfate solution is added. The contents of 


* Aided in part by a grant from the Wisconsin Alumni Research Foundation and 
the Rockefeller Foundation. 
t Present address, Worcester Foundation for Experimental Biology, Shrewsbury, 


Massachusetts. 
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the tubes are rapidly mixed, capped, and placed in a boiling water bath 
for 1 minute, and the tubes are then cooled immediately and thereafter 
protected from direct sunlight. They are read at 550 my after 10 minutes, 
It is convenient to use a metal rack to contain the tubes so that the various 
heatings and coolings may be carried out simultaneously for all the tubes, 

The absorption curve of the color formed has a broad peak with a mayi- 
mum at 560 muy, although all the results reported were obtained at 550 
my. A typical standard curve is shown in Fig. 1. The reproducibility 
of values for quantities above 0.5 uM is in the range of +3 per cent of the 
mean, and for quantities below 0.5 uM in the range of +6 per cent. For 
best results, known standards should be prepared at the same time since 
on standing the color gradually fades. However, as may be seen from the 


OPTICAL DENSITY 
Oo 


0.1 F 


050. 10150. 20 250 
MICROMOLES CARBAMYLGLUTAMIC ACID 
Fia. 1. Optical density values. Curve A, read immediately after color develop- 


ment and, Curve B, read after exposure to artificial light at room temperature for 
80 minutes. 


80 minute curve of Fig. 1, the fading is proportionally the same for all 
values, so that the linearity of the curve is preserved. The fading of the 
color is slowest in the dark and in artificial light, and somewhat faster in 
daylight out of the direct sun. Direct sunlight causes rapid and non-pro- 
portional changes in the color. In practice the tubes are protected from 
daylight after the addition of persulfate. 

Increasing the amount of persulfate up to 0.50 ml. increases the sensi- 
tivity of the reaction. A constant color value is obtained from 0.5 to 0.75 
ml. Above this value the sensitivity decreases. However, the advan- 
tages of the increased sensitivity and the plateau color are offset by 3 
greatly increased rate of fading of the color. The heating time after the 
persulfate addition should be carefully controlled. 

The advantages of using sodium diphenylamine-p-sulfonate rather than 
other aromatic amines tested are that this substance is water-soluble and 
that it gives a clear color under enzyme incubation conditions, whereas 
substances such as N-phenylanthranilic acid give a turbid reaction. 
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As may be expected from the nature of the method, any substance with 
3 ureide grouping will generally give some color. This may be seen from 
Table I. Of various substances tested, the following gave no color at the 
0 um level: histidine, tyrosine, glutamic acid, methionine, ornithine, pro- 
line, asparagine, N-formylglutamic acid, N-formylaspartic acid, N-formy]l- 
glycine, N-formylleucine, N-butyrylglutamic acid, N-valerylglutamic acid, 
carbamylproline, alanine, cystine, cysteine, N-acetylglutamic acid, N-pro- 


TABLE [ 
Chromogenic Equivalents of Various Substances 


Chromo- Chromo- 
Compound genic Compound genic 
equivalent* equivalent* 
Carbamylglutamic acid 0.337. | Hydantoin 0.810 
Thiocarbamylglutamic acid 0.001 | Hydantoin-5-acetie acid 0.024 
Phenylearbamylglutamic acid | 0.001 | Hydantoin-5-propionic acid 0.029 
Carbamyl-a-methylglutamic 0.008 | Uric acid 0.016 
acid 
Glutamine 0.002 | Uracil 0.002 
Carbamylaspartic acid 0.440 | Adenine 0.001 
Carbamylglycine 3.22 Adenosinetriphosphate 0.010 
Carbamylalanine 0.582 | Urea 2.60 
Carbamylleucine 0.303 | Phenylurea 5.82 
Carbamylarginine 0.460 | Methylurea 3.98 
Arginine 0.210 | Glycocyamine 0.020 
Citrulline 3.90 Semicarbazide 0.036 
Tryptophan 0.068 | a-Ketoglutaric acid semicar- 0.030, 
bazone 


* Optical density of 1.0 um of the substance run under conditions described for the 
assay and at an arbitrary cell width. Linearity between the amount of substance 
tested and optical density has been assumed up to or down to 1 um of the substance. 
Tryptophan gives a brownish color rather than the usual color with carbamyl com- 


pounds. 


plonylglutamic acid, glycylglycine, glycylglutamic acid, thiourea, and ure- 
than. Of interest is the property of some substances which by themselves 
give no color, but in the presence of CLG intensify the color produced. 
Histidine and ornithine act in this way, 5 um of either amino acid increas- 
ing the color value of 1 um of CLG by 23 per cent. A possible explanation 
for this phenomenon rests on the observation of Leuthardt and Briinner 
(9) that the heating of an amino acid with a carbamylamino acid results 
in a transcarbamylation reaction. If such a transcarbamylation takes 
place during the test and if the resulting carbamyl compound has a greater 
chromogenic value than CLG, the observed synergism would be explained. 
In fact, citrulline has a much greater chromogenic value than CLG. 
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Sulfur compounds, on the other hand, result in an inhibition of colo 


formation.! Cysteine, cystine, and methionine will inhibit the color ty 
varying degrees, according to their concentration. As may be seen from 
Table II, this inhibition for a range of concentrations of cysteine can be 
overcome by increasing the amount of persulfate. It is also to be observed 
that the linearity of the reaction for the different amounts of CLG is not 
destroyed under these conditions. Essentially the same results are ob. 
tained with cystine and methionine. 


TABLE II 
Inhibition of Color Production by Cysteine and Its Reversal by Increasing Amounts of 
Persulfate 
rn pega Cysteine added, um K2S20s, ml. Optical density Per cent inhibition 

1.0 0.25 0.347 

1.0 5.0 0.25 0.193 44 

1.0 3.0 0.25 0.241 31 

1.0 0.75 0.458 

1.0 5.0 0.75 0.398 13 

1.0 3.0 0.75 0.432 6 

1.0 1.0 0.378 

1.0 5.0 1.0 0.378 0. 

1.0 3.0 1.0 0.377 0 

0.5 3.0 0.75 0.225 

1.0 3.0 0.75 0.432 

1.5 3.0 0.75 0.640 


Uric acid has the property of an increasing chromogenic equivalent on 
standing, owing in all probability to the degradation of uric acid to more 
chromogenic urea derivatives. Adenosinetriphosphate at the usual con- 
centrations encountered does not interfere with the determination. 

The high chromogenic equivalent of hydantoin is worthy of note. Two 
different samples, one prepared from an authentic sample of carbamyl- 
glycine and passed through a Dowex 50 column, gave the same values. In 
contrast to hydantoin, the 5-acetic acid and the 5-propionic acid deriva- 
tives have low chromogenic equivalents. 

The recovery of CLG added to rat liver homogenates is high. The 
reason is unknown, but may be due to the type of synergism previously 


1The inhibition of color production by cysteine was first observed by Dr. 8. 
Grisolia. 
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noted with histidine and ornithine or to the presence of partial breakdown 
products of proteins to which Wingo and Davis (10) attributed their high 
recoveries of citrulline, as measured by the diacetylmonoxime reaction, 
from enzymatic digest or proteins. Some support is lent to this suggestion 
by the fact that tissue blanks increase with incubation time. However, 
recoveries of all concentrations of CLG used are fairly constant for a given 
run, so that the concentration curve remains linear. Depending on the 
origin of the protein, the blank value may be quite high. Such a high 
blank will make the determination of a small amount of CLG very difficult. 


TaBLeE III 
Recovery of Carbamylglutamic Acid from Rat Liver Homogenates 
) Amberlite IR-100 effluent 

Per cent 

glutamic D D | Carbamyl- 

acid added, recovery y 

acid added,| De 
BM 

+ 0.3 0.328 0.107 119 0.5 0.245 | 0.215 131 
+ 0.6 0.437 0.216 120 1.0 0.462 | 0.432 132 
+ 0.221 — 0.030 
- 0.3 0.090 0.5 0.164 


To 6 ml. of a mixture containing 5 ml. of CLG of the desired concentration and 1 
ml. of 30 per cent (wet weight) rat liver homogenate (in isotonic KCl), 4 ml. of 5 
per cent HC1O, were added, the protein was centrifuged, and the clear supernatant 
solution sampled. Tungstic acid and trichloroacetic acid may also be used as 
deproteinizing agents. D represents the optical density of deproteinized samples. 
D. represents the optical density of deproteinized samples corrected for tissue 
blank. 


In such cases the acidic protein filtrate may be passed through an Amber- 
lite IR-100 column prepared according to Archibald (11). This column 
permits the CLG to pass through while retaining a large percentage of the 
non-CLG chromogenic material (evidently basic in nature) present in the 
filtrate. These observations are demonstrated by the data of Table ITI. 
For results relative to a control, the usual standard curve may be used, but 
if absolute amounts of CLG are required, the values must be read from a 
standard curve prepared under the special conditions of the experiment in 
question. 


SUMMARY 


A colorimetric method for the quantitative determination of carbamy]l- 
amino acids and related compounds is described. 
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POTASSIUM ION STABILIZATION OF RESPIRATION 
BY HEART MUSCLE MITOCHONDRIA* 


By R. W. VON KORFF,{ E. H. MACPHERSON, anv G. V. GLAMAN 


(From the Department of Pediatrics, Heart Hospital Research Laboratory, University 
of Minnesota, Minneapolis, Minnesota) 


(Received for publication, November 30, 1953) 


Stimulation of acetate activation by potassium ion and inhibition by 
sodium ion in the soluble enzyme system obtained from heart muscle was 
reported in a previous communication (2). Since the conversion of ace- 
tate to acetyl coenzyme A (3, 4) permits acetate to enter the Krebs cycle, 
astudy of ion effects on the respiration of heart muscle mitochondria with 
acetate as the substrate appeared to be a logical extension of the initial 
investigation. 

A stabilization of the oxidative capacities of heart mitochondrial prepa- 
rations by K+ has been observed and found to be dependent upon numer- 
ous factors such as osmotic concentration, pH, and the kind of homogenate 
used for isolation of the mitochondria. 


Materials and Methods 


Isolation of Mitochondria—Mitochondria of rabbit heart muscle were 
isolated in 0.25 m sucrose essentially by the procedure of Schneider (5). 
A 90 second blending in a Monel metal Waring blendor was used to pre- 
pare the homogenate for the initial experiments. An all-glass Potter- 
Elvehjem homogenizer was used for most of the experiments after passing 
the tissue at 0° through a stainless steel disk with 1 mm. perforations. 
Nuclei and débris were removed by centrifugation at 600 X g for 10 min- 
utes. The mitochondria were sedimented at 8500 X g for 10 minutes, 
washed once with 0.25 m sucrose, and resedimented. The supernatant 
fluid and any freely flowing “fluffy layer’? were poured off and the mito- 
chondria suspended in 0.25 m sucrose. In more recent experiments, sucrose 
containing Versene! (0.01 m) was used to reduce or eliminate any variations 
due to possible contamination with traces of calcium ion (6). 


* Aided by funds from the Helen Hay Whitney Foundation, New York, and the 
American Heart Association, New York. A preliminary account of this work was 
presented earlier (1). 

t This work was begun as a Fellow of the Helen Hay Whitney Foundation and com- 
pleted as a Research Fellow of the American Heart Association. 

1 Ethylenediaminetetraacetic acid. 
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Test Systems—ATP? (Pabst Laboratories), substrates, and phosphate 
were generally used in the form of the Tris salts (2), although all-K* and 
all-Na* systems were also studied. 

Oxygen consumption was measured at 38° with air as the gaseous phase, 
The volume of the reaction mixture was 3.0 ml., and 0.2 ml. of 30 per cent 
NaOH was used in the center well. The cold mitochondrial suspension 
was added to the flasks just prior to temperature equilibration. Osmolar. 
ity* was controlled by addition of the required volume of 0.88 Mm sucrose, 

Two media were used in the experiments, containing per ml. (1) sub- 
strate 13 um, malate 0.03 um, ATP 2.7 um, MgCl. 4 um, Tris 10 um, KCl or 
NaCl 40 um, and mitochondrial suspension in sucrose 0.17 ml.; (2) Tris 
was replaced by phosphate, 20 um, and glucose, 40 um, was added when 
phosphate uptake was measured. Hexokinase (Pabst Laboratories) was 
added from the side arm after temperature equilibration. | 

Protein nitrogen was determined by micro-Kjeldahl analysis. P; was 
estimated by the Fiske-Subbarow procedure (8) in TCA or PCA filtrates 
of the medium. 


Results 


Effect of Specific Ions on Acetate Oxidation—A typical result obtained 
when mitochondria of rabbit heart muscle from a Waring blendor homog- 
enate oxidize acetate is illustrated in Fig. 1. In the absence of added 
substrate negligible amounts of oxygen were consumed in these experi- 
ments. The behavior of the mitochondrial system in the presence of both 
Kt and Nat is, without exception, identical with that obtained in the pres- 
ence of K* alone, indicating that Nat per se has no apparent inhibitory 
action. 

Variation in the concentration of K+ or Nat over the range 0.01 to 0.08 
mM has little effect other than a tendency for the oxidative rate to decline 
sooner at higher salt concentrations. When Tris (0.04 m) is used in place 
of Nat, the initial oxidative rate may be even more rapid, although, in this 
case also, the rate of change in oxygen consumption resembles that of other 
K+-free systems. 


2 ATP, adenosinetriphosphate; Pi, inorganic phosphate; TCA, trichloroacetic 
acid; PCA, perchloric acid; AAE, acetate-activating enzyme; Tris, tris(hydroxy- 
methyl)aminomethane. 

’ The osmolar concentration or total molar concentration of all molecules or ions 
is defined as osM = 2(n;M;,),where osM = the osmolar concentration; n; = the 
potential number of particles per molecule; and M; = the molarity of the substance. 
The osmotic coefficients for all substances are assumed to be unity. The calculated 
osmolarity obviously is empirical and undoubtedly higher than the true value. 
Slater and Cleland (7) define 0.32 osM as isotonic for heart muscle mitochondria. 
For liver mitochondria 0.25 osM is generally stated to be isotonic. 
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When the oxidative rate has declined owing to the use of a K+t-free me- 
dium, attempts to restore a higher rate of oxidation by addition of K*, 
ATP, K+ plus ATP, or various coenzymes uniformly result in failure. 
Addition of fresh mitochondria to the system results in restoration of oxy- 
gen consumption. 


@) 20 40 60 100 120 140 160 
Time in minutes 


Fig. 1. Stabilizing effect of potassium and rubidium ions on acetate oxidation by 
rabbit heart mitochondria from a Waring blendor homogenate. ATP the only source 
of phosphate; K+, Rb+, Nat, Lit, or Tris 0.04 m; all other acidic components added as 
Tris salts; osmolarity, 0.30; pH 7.5; protein N, 616 y per flask. 


Stabilizing Effect of K+ on Oxidation of Several Substrates—The effect of 
Kt is not specific for acetate oxidation, as illustrated in Fig. 2. In the 
preliminary account (1) of this work it was stated that the Kt effect on 
Krebs cycle intermediates was different from that of acetate. Additional 
experiments have indicated that this statement is valid for a-ketoglutarate 
and succinate, but malate in most experiments responds to K* as well as 
does acetate. 

K+ Stabilization of Mitochondrial Response to Osmolar Concentration—It 
is generally agreed that mitochondrial respiration is depressed by hyper- 
tonic media (7, 9, 10). Hypertonic media depressed oxidation in our ex- 
periments, but this was more pronounced and general in K+-free media. 
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K+ stabilization of mitochondrial respiration against detrimental effects 
of “hypertonic”’ solutions is illustrated by the data of Table I. In the 
range of osmolarities studied, no significant effect of osmotic concentration 
on the ATPase of the mitochondria could be detected. 

Effect of pH on Response to K+—The effect of pH on the response of 
mitochondria to K* is illustrated in Fig. 3. The highest and most uni. 
form rate of oxidation is obtained in the presence of K+ at pH 6.5. I 


300 T T T T T T T T T T T 
Acetate A-Ketoglutarate j Malate 
K | Ky; 
£200 4 = F = 
Kf 
Oo Na 
= 
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O Na J 
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/ 
F f 
4 ? 
4 
O 20 40 60 O 20 40 60 O 20 40 60 


Time in minutes 
Fic. 2. The relative stabilizing effect of potassium ion on the oxidation of several 
substrates by rabbit heart mitochondria from a Waring blendor homogenate. Condi- 
tions as in the experiment of Fig. 1; protein N, 632 y per flask. 


is evident that, whereas the ratio (oxygen consumed in the presence of 
K*): (oxygen consumed in the absence of K+) may be greater than, equal 
to, or less than 1, depending upon the duration of the experiment, a steady 
rate of oxidation is maintained for considerably longer periods in the pres- 
ence of Kt. 

Effect of Hexokinase-Glucose System on Response to Potassium—Addition 
of the ATP trap, hexokinase-glucose, and P; results in a marked increase 
in the rate of oxygen consumption (11, 12) and a tendency for the re 
sponse to K+ to be delayed (Fig. 4). Pi; alone does not cause this marked 
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stimulation, presumably because of an appreciable ATPase activity of 
these mitochondria. (On the average 25 um of P; are released from ATP 
per mg. of mitochondrial nitrogen in 30 minutes at 38°, pH 7.4.) 

Effect of Homogenization Procedures on Response to K+—Mitochondria 
isolated from a Potter-Elvehjem homogenate are not as sensitive to the 


TABLE I 


Potassium Ion Stabilization of Mitochondrial Response to Osmolar Concentration, 
Substrate, and Acetate 


Experiment 2-112, mitochondria from a Waring blendor homogenate; KCl or 
NaCl, 0.08 m; other components added as Tris salts; pH 7.5. Experiment 5-39, 
mitochondria from a Potter-Elvehjem homogenate; KCl or NaCl, 0.04 m; other 
conditions as for Experiment 2-112. Experiment 5-78, conditions as in Experiment 
5-39, except that hexokinase-glucose and phosphate were added. 


Experiment No. pr prove Ion added 4P 
pl. pM 
2.112. ATP sole source of P; 0.28 K 288 
Na 160 
0.38 288 
a 80 
0.43 222 
Na 56 
539. ATP sole source of P; 0.20 K 350* +2.0* 
Na 370* +2.5* 
0.30 K 398 +1.6 
Na 296 +5.8 
0.40 K 328* +2.3* 
Na 187* +11.7* 
5-78. ATP, P;, hexokinase-glu- 0.20 K 490 —43.6 
cose added Na 369 —35.5 
0.40 K 462 —43.5 
Na 298 —15.3 


* Average of duplicate flasks. 


absence of K+ in the medium as are those isolated from a Waring blendor 
homogenate. In the latter case it is not unusual for respiration to cease 
completely in 60 minutes or less when Kt* is absent. 

Pressman and Lardy (13) have reported that a heat-stable factor in the 
microsomal fraction greatly increased the development of a response by the 
mitochondria to K+. In our experiments the addition of microsomal 
fractions from Waring blendor homogenates has produced erratic results. 
However, in one or two cases a marked depression of respiration in the 
absence of K+ occurred on the addition of a microsomal fraction. 
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DISCUSSION 


The response to K+ shown with various substrates indicates that K+. 
sensitive enzymes other than AAE or a stabilization of the enzymatic 
integrity of the mitochondrion by K+ may be involved. The equivalence 
of K+ plus Nat to an all-K* system indicates that the differences observed 
are due solely to the action of K+ or Rbt. 
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Fic. 3. The effect of pH on the response of mitochondrial respiration to K*, 
Mitochondria from a Potter-Elvehjem homogenate; substrate, acetate; osmolarity 
0.34; KCl or NaCl, 0.04 m; phosphate, 0.02 mM; hexokinase-glucose not added; protein 
N, 645 y per flask. 


Harman and Feigelson (9) find that low rates of oxidation induced by 
hypertonic media are accompanied by degenerative changes in the mito- 
chondria, associated with changes in their morphology. Further investi- 
gation may show whether K* stabilization of mitochondrial respiration is 
accompanied by a stabilization of mitochondrial morphology. 

Stanbury and Mudge (14) have reported that the K+ concentration of 
liver mitochondria is dependent upon the P; concentration in the medium 
and that changes in phosphorus metabolism are concerned in the turnover 
of mitochondrial K+. Stability of endogenous mitochondrial K* is un- 
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doubtedly a determining factor in the development of a response to added 
Kr. 
Several hundred experiments have yielded unmistakable evidence that 
K+ participates in the regulation of respiration by isolated heart muscle 
mitochondria. The data appear to be compatible with the possibility that 
K+ stabilizes mitochondrial structure. The extent to which the findings 
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Fig. 4. The effect of hexokinase-glucose on the response of acetate oxidation to 
Kt, Mitochondria from a Potter-Elvehjem homogenate. NaCl or KCl, 0.04 m; 
other components added as Tris salts; osmolarity, 0.34; pH 6.5; protein N, 671 y per 
flask. 


can be extrapolated to systems in vivo is uncertain. The complexity of 
the mitochondrial system (15) and the numerous factors affecting the mito- 
chondrial response to alkali metal ion environment illustrate the difficulty 
of assessing the importance of K+ in mitochondrial respiration. 


SUMMARY 


The respiration of mitochondria of rabbit heart muscle oxidizing acetate 
or Krebs cycle intermediates in media with and without added K+ has 
been studied. K+ (or Rb+) exerts a stabilizing effect on these systems. 
A requirement for K+ is most evident when (1) acetate or malate is the 
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substrate; (2) the medium is hypertonic; (3) hexokinase-glucose is omitted 
from the system; and (4) when the mitochondria are isolated from a War. 
No clear cut relationship of the K* stimulation 
of soluble acetate-activating enzyme to the K* stabilization of mitochon. 


ing blendor homogenate. 


drial respiration is evident from these experiments. 
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“ANTILIPOTROPIC” EFFECT OF METHIONINE IN RATS FED 
THREONINE-DEFICIENT DIETS CONTAINING CHOLINE* 


By A. E. HARPER, D. A. BENTON, M. E. WINJE, anno C. A. ELVEHJEM 


(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison, Wisconsin) 


(Received for publication, January 11, 1954) 


In previous studies (1-5), dealing with the effects of different amino acids 
on fat deposition in the livers of rats fed low protein diets containing 
choline, 9 per cent casein diets have been supplemented with either methio- 
nine or cystine. Fat accumulates in the livers of animals fed this basal 
diet but in a preliminary experiment, in which the sulfur amino acids had 
been omitted, no excessive accumulation of fat was observed. Since the 
amounts and proportions of sulfur amino acids in the diet affect very 
markedly the development of fatty livers in animals fed diets deficient in 
choline, it was of interest to examine further the way in which the sulfur 
amino acids affected fat deposition in the livers of young rats fed diets 
containing choline. 

Since supplementation with threonine prevents the accumulation of fat 
in the livers of animals fed the 9 per cent casein basal diet (1, 3), and since 
the inclusion of tryptophan reduces the effectiveness of threonine under 
certain conditions (5), an attempt has also been made to determine whether 
any interrelationship exists between the effects of these two amino acids and 
that of methionine. 


EXPERIMENTAL 
Methods 


Male weanling rats of the Sprague-Dawley strain weighing from 40 to 50 
gm. were divided into similar groups of six animals each and were main- 
tained in individual cages with raised screen bottoms. With the exception 
of Experiment 3, the animals were fed ad libitum. In Experiment 3, the 
rats of Group 14 which were fed the basal diet containing methionine were 
pair fed with those of Group 13, which were fed the basal diet from which 
methionine had been omitted (4). 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. The work was supported in part by grants from The Gelatin 
Research Society of America, Inc., New York, and the Research Committee of the 
Graduate School from funds supplied by the Wisconsin Alumni Research Foundation. 

We are indebted to Merck and Company, Inc., Rahway, New Jersey, for some of 
the crystalline vitamins and to the Abbott Laboratories, Chicago, for haliver oil. 
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The composition of the basal diet was as follows: sucrose 81.4, casein 9, 
corn oil 5.0, Salts 4 (6) 4, pLt-methionine 0.3, and pL-tryptophan 0.1 per 
cent. Vitamins were included to provide, in mg. per 100 gm. of ration, 
thiamine hydrochloride 0.5, riboflavin 0.5, niacin 1.0, calcium pantothenate 


TABLE I 


Effect of pu-Methionine on Deposition of Fat in Livers of Young Rats Fed Diets 
Containing Choline 


Diet Liver fat* 
Gove Rate of growth* 
He. Dry weight Wet weight 
per cent | per cont per cent gm. per wk. per cent per cent 
1 1 0.1 8.3 + 0.4 14.2 + 2.4 4.2+0.2 
2 0.1 | 0.36 9.14 1.4 8.8 + 0.6 2.4 + 0.2 
3 0.3 0.1 11.0 + 1.3 31.0 + 4.0 9.7419 
4 0.3 0.1 0.36 18.9 + 1.0 16.5 + 2.2 4.7+0.8 
2 5 0.1 10.3 + 1.4 16.4 + 1.0 4.8+0.3 
6 0.1 0.36 10.9 + 0.5 13.0 + 0.5 3.7 + 0.3 
7 0.1 0.1 14.4 + 2.1 24.6 + 1.2 7.8 + 0.4 
8 0.1 0.1 0.36 19.6 + 1.4 13.1 + 1.1 3.7 + 0.3 
9 | 0.2 | 0.1 16.8+1.1 | 6142.3 | 83403 
10 0.2 0.1 0.36 17.0 + 1.3 14.0 + 2.4 4.0+0.8 
11 0.6 0.1 15.2 + 1.0 23.9 + 2.6 7.524 1.1 
12 0.6 0.1 0.36 18.1 + 0.5 14.0 + 0.9 4.0+0.3 
3t 13 0.1 8.9+ 1.3 17.6 + 0.7 5.0 + 0.3 
14 0.3 0.1 10.6 + 1.0 17.5 + 3.0 5.1 + 1.0 
4 15 8.8 + 1.0 13.3 + 1.2 3.7 + 0.4 
16 0.36 10.9 + 1.3 12.6 + 1.0 3.6 + 0.3 
17 0.1 10.5 + 1.0 15.8 + 2.1 4.6+0.7 
18 0.1 0.36 11.4241.5 | 12.8 + 0.6 3.6 + 0.2 
19 0.3 15.1 + 0.7 33.3 + 2.9 | 11.041. 
20 0.3 0.36 17.4 + 1.6 15.7 + 0.9 4.44 0.3 
21 0.3 0.1 15.8 + 1.1 28.1 + 2.1 8.7 + 0.8 
22 0.3 0.1 0.36 20.2 + 1.5 16.1 + 0.6 4.6+0.2 


* The values represent the mean + standard error of the mean for six animals. 
t The rats in Group 14 were pair fed with those in Group 13. The average food 
consumption for animals of both groups was 5.7 gm. per day. 


2.0, pyridoxine 0.25, biotin 0.01, folic acid 0.02, vitamin B,2 0.002, inositol 
10.0, and choline chloride 150. 2 drops of halibut liver oil, diluted with 
corn oil and fortified with vitamins E and K to provide vitamin A (400 
i.u.), vitamin D (4 i.u.), 0.04 mg. of 2 methyl-1,4-naphthoquinone, and 
4.0 mg. of a-tocopherol, were administered orally each week. 

The supplements that were included in the various experimental diets 
replaced an equal weight of sucrose, and substances that were omitted from 
the diets were replaced by sucrose. 
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After 2 weeks the animals were sacrificed for the determination of liver 
fat. Each animal was stunned and decapitated, and the liver was excised 
and stored at —4°. Fat was determined by ether extraction of the dried 
and ground liver (7). 


Results 


The results presented in Table I show that the deposition of fat in the 
livers of rats fed 9 per cent casein diets containing choline is increased when 
such diets are supplemented with methionine. In Experiment 2 the in- 
clusion of 0.1 per cent pi-methionine in the diet caused an increase in fat! 
in the liver of from 15 to 25 per cent (approximately). No further increase 
in fat was observed when supplemental methionine in the diet was increased 
to 0.6 per cent. In each instance the inclusion of threonine with methio- 
nine resulted in a substantial reduction in fat deposition and, even when 
methionine was omitted from the diet, some effect from the inclusion of 
threonine was apparent. 

In Experiment 3, rats that were fed the basal diet containing 0.3 per 
cent DL-methionine (Group 14) had the same food intake as those of Group 
13, which received no additional methionine. Under such conditions the 
inclusion of methionine in the diet did not cause an increase in fat deposi- 
tion, nor did it cause as great an increase in growth as was obtained with 
feeding ad labitum. 

In Experiment 4 the effect of methionine on fat deposition in the liver 
was not altered by the omission of pL-tryptophan from the diet. The effect 
of threonine in preventing fat from accumulating in the livers of animals 
receiving supplemental methionine was also unaltered when tryptophan 
was omitted. 


DISCUSSION 


Griffith (8) has explained the ‘‘antilipotropic” effect of cystine in choline 
deficiency as a result of the increased demand for methionine for general 
protein synthesis when growth is stimulated by the inclusion of cystine. 
Although this explanation has been questioned (9), such a situation would 
reduce the amount of methionine that was available for choline synthesis. 
Treadwell e¢ al. (10) and Beveridge et al. (11) have shown that the effective- 
ness of methionine in reducing fat deposition in animals fed choline-deficient 
diets is also reduced when supplements of essential amino acids are included 
in such diets or when the protein level is increased. They also attributed 
their results to the stimulation in growth which creates a greater demand for 
methionine for general protein synthesis. 

The “antilipotropic’”’ effect of methionine observed in this study appar- 
ently has a similar basis. This effect is not specific for methionine because 


1 Fat values reported in the text are based on dry weight of liver. 
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supplementation with cystine will also induce greater fat deposition unde 
these conditions (1, 5). The 9 per cent casein diet used is primarily de. 
ficient in sulfur amino acids, and when either methionine or cystine is added 
the secondary deficiencies of threonine and tryptophan become evident, 
Since the accumulation of fat in the liver is appreciably reduced by supple. 
mentation with threonine (1, 3), the addition of either of the sulfur amino 
acids to the diet apparently precipitates a threonine deficiency which cause 


- fat to accumulate. An interesting parallel may be drawn between this 


study and the niacin-tryptophan study (12) from which it arose. In the 
latter, when methionine and threonine were included in 9 per cent casein 
diets lacking niacin, a growth depression was observed which was attribu- 
ted to a niacin-tryptophan deficiency induced by the inclusion of threonine. 

The results of the paired feeding experiment provide further support 
for this hypothesis. In this case, when the food intake of animals fed 
the diet. containing methionine was limited to that of the unsupplemented 
group, threonine did not become sufficiently limiting to cause increased 
fat deposition. Best (13) states that food restriction reduces fat deposi- 
tion in rats fed diets deficient in choline. 

The results reported by Treadwell (9) also demonstrate that more fat 
accumulates in the livers of young rats fed 9 per cent casein diets when 
such diets are supplemented with methionine. This effect was not appar. 
ent in his study when he used 15.4 per cent casein, which would provide 
considerably more threonine. Demers and Bernard (14) observed that 
methionine, added to a diet containing casein and a large amount of corn- 
meal, induced increased fat deposition in the livers of ducklings. Since 
Geiger (15) has shown that the threonine in zein is not readily available, it 
would be of interest to know whether additional threonine would counter- 
act the “antilipotropic” effect of methionine reported by these workers. 

_ Although in a previous study the addition of tryptophan to the diet de- 
creased the effectiveness of gelatin in reducing liver fat (5), no such effect 
was noted in the present study in which gelatin was replaced by threonine. 
This lack of effect of tryptophan is attributed to the high level of threonine 
provided (double that supplied by 6 per cent gelatin) and to the failure of 
threonine to stimulate growth to the extent that gelatin does. 

The results are also of interest in view of the observations of Singal and 
his associates (1), who observed that fat accumulated in the livers of rats 
fed diets containing crystalline amino acids when either threonine or lysine 
was somewhat limiting. They found no increased fat deposition when 
these amino acids were provided in very small amounts or in ample amounts 
and suggested that the fat accumulation may be a general sign of a partial 
amino acid deficiency. In the present study, although liver fat was low 
when the level of dietary methionine was low and increased when the level 
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of methionine was increased, no reduction in liver fat deposition occurred 
even With the highest level of methionine, and the same has been true in 
other experiments in which a diet supplemented with 1.0 per cent methio- 
nine has been fed (unpublished results). Only when threonine was supplied 
in the diet was a reduction in fat deposition observed. It thus appears that 
in low protein (9 per cent casein) diets containing choline the proportions, 
as well as the absolute amounts, of amino acids are of considerable im- 
portance in controlling the deposition of liver fat. 


SUMMARY 


The normal level of fat was deposited in the livers of rats fed 9 per cent 
casein diets containing choline but, when such diets were supplemented 
with as little as 0.1 per cent pL-methionine, fat deposition was increased. 
The increased fat deposition was prevented, in confirmation of earlier 
reports, by reducing the food intake of the animals or by supplementing 
the diet with threonine. 

The results are discussed in relation to other work of a similar nature, 
and it is suggested that this ‘“antilipotropic”’ action of methionine is the 
result of a partial deficiency of threonine, induced when methionine is added 
to the methionine-deficient diet. 
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EFFECT OF THREONINE ON FAT DEPOSITION IN 
THE LIVERS OF MATURE RATS* 


By A. E. HARPER, D. A. BENTON, M. E. WINJE, W. J. MONSON, anp C. A. 
ELVEHJEM 


(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison, Wisconsin) 


(Received for publication, January 25, 1954) 


Although fat accumulates within 2 to 4 weeks in the livers of young rats 
fed 9 per cent casein diets containing methionine and choline (1, 2), little 
fat was found in the livers of a group of animals fed such a diet for 12 weeks 
(3). Since the fat accumulation apparently decreased as the animals 
matured and their protein requirement decreased, it became of interest to 
determine the effect of age on the deposition of liver fat under these condi- 
tions, and also to determine whether increased fat deposition could be 
induced in mature animals fed diets containing choline and lower levels of 
protein. Information on the second point was particularly desirable be- 
cause it has been reported periodically, from the time of the early observa- 
tions of Beeston and his associates (4) until the recent observations of 
Koch-Weser and his associates (5), that choline supplementation does not 
reduce liver fat to normal levels in animals fed 5 per cent casein diets. 

This paper contains information on both of the above points and also 
some information regarding the type of fat that accumulates under these 
conditions. 

EXPERIMENTAL 


Methods 


Male rats of the Sprague-Dawley strain were used throughout these 
studies. Weanling rats weighing from 40 to 50 gm. were used in Experi- 
ments 1 and 2, which were of 10 weeks duration, and mature rats weighing 
from 200 to 250 gm. were used in the subsequent experiments, which were 
of 2 to 5 weeks duration. For each experiment the rats were divided into 
similar groups of six on the basis of body weight and were maintained in 
individual cages with raised screen bottoms. They were fed ad libitum 
and each animal was weighed weekly. 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. This work was supported in part by grants from The Gelatin 
Research Society of America, Inc., New York, and the Research Committee of the 
Graduate School from funds supplied by the Wisconsin Alumni Research Foundation. 

We are indebted to Merck and Company, Inc., Rahway, New Jersey, for some of 
the crystalline vitamins, and to the Abbott Laboratories, Chicago, for haliver oil. 
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The per cent composition of the basal diet was as follows: sucrose 81.4 
casein 9.0, corn oil 5.0, Salts 4 (6) 4, methionine 0.3, tryptophan 0.1, choline 
chloride 0.15. Vitamins were included to provide, in mg. per kilo of ration, 
thiamine 5, riboflavin 5, niacin 10, calcium pantothenate 20, pvridoxine 
2.5, folic acid 0.2, biotin 0.1, vitamin By2 0.02, and inositol 100. 2 drops of 
halibut liver oil, fortified to provide vitamin A (400 i.u.), vitamin D (4 i.u,), 
0.04 mg. of 2-methyl-1,4-naphthoquinone, and 4.0 mg. of a-tocopherol 
were administered weekly. Alterations in the basal diet were compensated 
for by alterations in the amount of sucrose. 

At the end of the experimental period, each rat was killed by a blow on 
the head and decapitated and the liver removed and stored at —4° for the 
determination of fat. Fat was determined by ether extraction of the dried 
and ground liver by the method outlined by Hawk and Elvehjem (7), 

For chemical determination on the liver fat, the livers from large groups 
of rats fed the basal diet without additional tryptophan for 4 weeks were 
pooled and homogenized in a Waring blendor. The homogenate was dried 
and the fat was extracted as indicated above. 

Nitrogen was determined by the micro-Kjeldahl method with mercuric 
oxide as the catalyst. Phosphorus was determined by the method of Fiske 
and Subbarow (8). Cholesterol was determined by a slight modification 
of the Sperry and Webb method (9) in which the lipides were extracted 
with ether. The iodine number was determined with pyridine sulfate di- 
bromide. 


Results 


The results presented in Table I show that the accumulation of fat in 
the livers of rats fed the basal diet for 4 weeks had greatly decreased by 10 
weeks. Fat did not accumulate in a like manner in the livers of animals 
fed the basal diet supplemented with 6 per cent gelatin. The curve pre- 
sented in Fig. 1 shows the changes in fat deposition that occurred during a 
10 week period in the livers of animals fed the basal diet. During the first 
2 weeks fat deposition increased rapidly and from the 2nd to the 4th week 
there was a slight decrease, followed by a more rapid decrease until by the 
7th week the amount of fat found in the liver approached what is consid- 
ered a normal value. Although in one instance, at 8 weeks, a slightly 
higher value was found, this exception is in contrast to the five lower values 
obtained with other groups of animals throughout the period from 7 to 12 
weeks. 

Further information regarding the livers and the results of some chemical 
determinations on the livers and on the fat extracted from them are pre- 
sented in Table II. It may be noted that the livers of rats fed the basal 
diet were heavier and comprised a greater percentage of body weight than 
did those of animals fed this diet supplemented with gelatin. The higher 
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fat content of the livers of rats fed the basal diet was accompanied by a 
higher content of cholesterol, both total and ester, slightly higher lipide 
phosphorus, lower nitrogen and moisture, and slightly lower total phos- 


TABLE 


Effect of Age on Fat Deposition in Livers of Rats Fed 9 Per Cent Casein Diets 
Containing Choline 


Rate of growth* Liver fat* 
4 wks. 10 wks. 4 wks. 10 wks. 
gm. per wk. gm. per wk. (percent dry weight 
15.0 + 1.2 | 21.1 + 0.4 | 39.9 + 3.9 | 17.6 + 1.1 
“ « 4 6% gelatin....; 17.5 + 2.0 | 24.8 + 0.4 | 16.3 + 2.2 | 13.4 + 0.6 


*Mean + standard error of the mean for a group of six animals. 


PERCENT LIVER FAT (ORY WT) 


S 


5 
DURATION OF EXPERIMENT (WEEKS) 


Fic. 1. Amount of fat in the livers of rats fed 9 per cent casein-sucrose diet. The 
connected points represent the results from a single experiment, the unconnected 
points the results from other experiments. All the rats were 21 days old at the start 
of the experiment. Each point represents the average of six animals. 


phorus. Iodine numbers of fat from the livers of the two groups were not 
appreciably different. 

The results of experiments designed to determine whether increased fat 
deposition could be induced in mature rats fed low protein diets are pre- 
sented in Table III. It is evident that fat accumulates in the livers of 
mature animals fed 5 per cent casein diets containing choline for only 2 
weeks. The results of Experiment 1 show that fat deposition is not greatly 
reduced by supplementation with a high level of choline but is readily re- 
duced when threonine is included in the diet. The results of Experiments 
2and 3 show that supplements of threonine and of glycine, or a combina- 
tion of these, will reduce the fat accumulation. With threonine the reduc- 
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tion in the level of liver fat was accompanied by a growth increase; glycine 
on the other hand, did not affect growth. 


TaBLeE II 
Analysis of Fat from Livers of Rats Fed Low Protein Diets Containing Choline 


Analysis of dry liver 
Rate Wet | Liver 
of | weight | X 100 Lip- | Potal|Ester 
growth | of liver | Body Fat | |Total ide cho- | cho- Wa- 
terol! terol No. 
gm. ool gel 
per wk. gm. cent | cent | cent cent | cent | cent | cent 
Basal diet............| 7.3 | 4.66 5.8 25.8) 6.50.92)0.11/0.52/0.21/62.5) 84 
6% gela- 
7.8 | 3.78 4.7 11.6) 82 
TABLE III 


Effect of Various Dietary Regimens on Deposition of Fat in Livers of Mature Rats Fed 
Low Protein Diets Containing Choline 


2 Dietary regimen 
BS 5 Dry weight Wet weight 
gm. per cent per cent 
1 1 | Basal diet, 1 wk. —15.6 + 4.3) 14.024 1.4 4.340.5 
2 wks. —7.2 + 6.9) 31.2 + 5.2 | 11.0 + 3.0 
3 0.0 + 5.3) 29.74 3.9) 9.741.6 
4 +16.8 + 6.0) 31.4 + 3.3 | 10.7413 
5 | +1.0% choline 3rd—-5th wk. +19.2 + 6.0) 27.0 + 2.6} 8.741.0 
6 | +0.36% pu-threonine 3rd-5th | +35.2 + 1.7/ 17.4 4+ 2.0! 5.4+4+0.9 
wk. 
2 7 | Basal diet —14.5 + 3.5) 21.34 2.4) 6540.8 
8 | +0.36% pu-threonine +7.5 + 3.1) 12.9+0.8] 3.8240.2 
9 | +0.36% + 1.5%) +13.3 + 0.9) 11.8 41.1] 3.4403 
glycine 
3 | 10 | Basal diet —1.7 + 3.2) 26.0+1.6/ 0.6 
11 | +0.36% pu-threonine +22.2 + 4.2403 
12 | +1.5% glycine —1.8 + 6.2) 18.14 5.4205 


The values represent the mean + the standard error of the mean. In Experiment 


1 there were five rats per group, in Experiments 2 and 3 six rats. 


of 2 weeks duration, and Experiment 3 of 3 weeks duration. 


Experiment 2 was 


DISCUSSION 


There can be little doubt but that the increased deposition of fat in the 
livers of young rats fed 9 per cent casein diets is of a transitory nature. 
Since fat deposition decreases as the protein requirement of the animals 
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decreases, the fat accumulation is apparently a sign of a protein (2) or of a 
specific amino acid (1, 2) deficiency. Fat values are not quite minimal at 
10 weeks, and histological studies are in progress to determine whether any 
chronic liver damage occurs. Although rats fed the basal diet appeared 
less resistant to respiratory infections than did those receiving gelatin, it 
should be noted that, if some chronic damage does occur, it does not cause 
retardation of growth. 

The larger liver size and the higher ratio of liver weight to body weight 
are typical of animals in which increased fat deposition has occurred, and 
parallel the results of the fat determinations (Table II). The difference 
in nitrogen content of the livers of the two groups is not considered to be 
of significance with regard to fat deposition because, when the gelatin sup- 
plement is replaced by threonine, decreased fat deposition is not accom- 
panied by an increase in the nitrogen content of the livers. Although both 
free and ester cholesterol are lower in animals fed the diet containing gela- 
tin, none of the values for cholesterol are extremely high. When the values 
for total lipides and for lipide phosphorus in the livers of rats fed the basal 
diet are compared with those for the group that received gelatin, the former 
values are found to be 122 and 38 per cent, respectively, greater than the 
latter. It thus appears that, although both the cholesterol content and 
the phospholipide content of the livers of animals fed the basal diet are 
higher, the major portion of the lipide material that accumulates is neu- 
tral fat. 

The observation that fat also accumulates in the livers of mature rats fed 
5 per cent casein diets containing choline confirms the earlier observations 
of Beeston et al. (4). They drew attention to the fact that the fat content 
of 7 to 8 per cent (wet weight), found by them in the livers of mature ani- 
mals fed such diets containing 0.1 to 0.2 per cent choline, was almost 100 
per cent greater than what they considered normal.! Recently Koch- 
Weser et al. (5) have again pointed out that, although supplementation 
with large amounts of choline does reduce the fat content of the livers of 
animals fed protein-deficient diets high in fat, normal values for liver fat 
are not obtained. These investigators did not determine the effect of sup- 
plementation of such diets with amino acids, but it might be expected from 
the results presented in Table III that supplements of threonine or glycine 
would further: reduce the accumulation of fat observed under their condi- 
tions. 

‘The normal value, a term that is subject to fairly broad interpretation, seems to 
depend to some extent upon which of the various procedures for determining fat was 
used by the different investigators. The results of an investigation of methods for 
determining liver fat (10) have shown that values obtained by the ether extraction 


procedure used here are somewhat lower than those obtained by certain other meth- 
ods, but that, over a wide range of samples, relative values are the same. 
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The results with threonine and glycine, which parallel results reported 
previously (1, 2) for young rats fed 9 per cent casein diets, indicate that, 
when the protein content of the diet is sufficiently low, fat deposition in the 
livers of mature rats may also be affected by the balance of amino acids jp 
the diet (11, 12). 


SUMMARY 


The amount of fat that was deposited in the livers of young rats fed a9 
per cent casein diet containing methionine and choline decreased gradually 
as the animals matured and their protein requirement decreased. Hoy. 
ever, when the protein content of the diet was reduced to 5 per cent, fat 
accumulated in the livers of mature rats. This accumulation of fat was 
reduced when the 5 per cent casein diet was supplemented with either 
threonine or glycine. 

Analysis of the livers and the fat indicated that, although there were in- 
creases in both the cholesterol and phospholipide fractions, the accumula- 
tion consisted mainly of neutral fat. 

It is suggested that fat deposition in the livers of mature rats, like that 
in the livers of young rats, fed low protein diets is affected by the balance 
of amino acids in the diet. 
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ON THE LIPOTROPIC ACTION OF PROTEIN* 


By A. E. HARPER, D. A. BENTON, M. E. WINJE, anv C. A. ELVEHJEM 


(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison, Wisconsin) 


(Received for publication, January 25, 1954) 


The lipotropic action of protein, which was first recognized in 1935 (1, 
2), has been the subject of many investigations (3-6). These have cen- 
tered largely around the question of whether the lipotropic activity of a 
protein can be attributed entirely to its content of cystine and methionine. 
Evidence has been presented on both sides of the controversy that has 
arisen (6-11), and, although some factors of a general nature that affect 
the lipotropic activity of a diet have been elucidated (6, 12, 13), methionine 
isthe only amino acid that has been shown to cause a reduction in the depo- 
sition of fat in the livers of animals fed diets deficient in choline (11). At- 
tempts to evaluate the information available on this subject are complicated 
by the variety of experimental conditions (the differences in the age and 
weight of the rats, the amount and type of dietary protein, the amount and 
iype of dietary fat, the rate of growth of the animals, the method of feed- 
ing, and the nutritive value of the entire diet) that have been used, and 
the claims for a lipotropic action of proteins beyond that of the methionine 
contained in them still appear to rest on rather tenuous grounds. 

When it became apparent that protein (14) and the amino acids, threo- 
nine (14, 15) and glycine (16), were effective in reducing the deposition of 
fat in the livers of young rats fed low protein diets containing choline, the 
idea was entertained that these results might be linked to the earlier ob- 
servations on the lipotropic action of protein. Since much of the evidence 
for a lipotropic action of proteins, other than that of the methionine con- 
tained in them, had been obtained from studies in which diets relatively 
high in methionine or other lipotropic factors had been used, it appeared 
that this secondary effect of protein on fat deposition in the liver might be 
most clearly demonstrated in animals fed low protein diets containing close 
to the required amount of choline or choline precursors. 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. This work was supported in part by grants from The Gelatin 
Research Society of America, Inc., New York, and the Research Committee of the 
Graduate School from funds supplied by the Wisconsin Alumni Research Foundation. 

We are indebted to Merck and Company, Inc., Rahway, New Jersey, for some 
of the crystalline vitamins, to the Abbott Laboratories, Chicago, for haliver oil, 
and to Wilson and Company, Inc., Chicago, for gelatin. 
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EXPERIMENTAL 
Methods 


Male weanling rats of the Sprague-Dawley strain weighing from 40 t 
50 gm. were divided into similar groups of six animals each and were maip. 
tained in individual cages with raised screen bottoms. The animals wer 
fed ad libitum and were weighed weekly during the experimental periods ¢ 
2 weeks. 

The composition of the basal diet was as follows: sucrose 81.4, casgeip 
9.0, corn oil 5.0, Salts 4 (17) 4, pt-methionine 0.3, and p1L-tryptophan 0)! 
per cent. Vitamins were included to provide, in mg. per 100 gm. of ration, 
thiamine hydrochloride 0.5, riboflavin 0.5, niacin 1.0, calcium pantothe. 
nate 2.0, pyridoxine 0.25, biotin 0.01, folic acid 0.02, vitamin B,, 0.02 
inositol 10.0, and choline chloride 150. 2 drops of halibut liver oil diluted 
with corn oil and fortified with vitamins E and K to provide vitamin 4 
(400 i.u.), vitamin D (4 i.u.), 0.04 mg. of 2-methyl-1,4-naphthoquinone, 
and 4.0 mg. of a-tocopherol were administered orally each week. 

All changes in the basal diet were compensated for by adjustments in the 
percentage of sucrose. 

After 2 weeks the animals were sacrificed for the determination of liver 
fat. Each animal was stunned and decapitated and the liver was excised 
and stored at —4°. Fat was determined by ether extraction of the dried 
and ground liver (18). 


Results 


The results presented in Table I include both growth rates and liver fat 
values. 

It is apparent that neither 0.15 per cent choline chloride nor 1.0 per cent 
pL-methionine (Group | versus Groups 2, 7, 15) prevented fat from accumu- 
lating in the livers of young rats fed 9 per cent casein diets. In fact choline 
and this high level of methionine together (Group 17) were only slightly 
more effective than was either one alone. In each of the three experiments, 
fat accumulated to the extent of 8 to 13 per cent (wet weight) in the livers 
of control animals (Groups 2, 7, 15), values which are of course well below 
those of 15 to 30 per cent found when animals are fed diets severely de- 
ficient in choline, but which are nevertheless higher than values reported 
as normal. 

An increase in the level of casein to 20 per cent (Group 9) or the inelu- 
sion of gelatin (Group 3) reduced fat deposition only slightly when methio- 
nine was low and choline was omitted from the diet, but a comparison of 
Groups 2 and 17 with Groups 4 and 20 shows that the inclusion of gelatin 
in a 9 per cent casein diet containing choline resulted in a decrease in liver 
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fat deposition from 25 to 13 per cent dry weight (approximately). Similar 
reductions were observed when the casein level was increased from 9 to 
18 per cent or over, in diets containing either methionine or choline (Group 
| versus 5; 2 versus 6; 7 versus 10, 11, 13; 15 versus 20; 17 versus 21), but 
no further reduction occurred when the protein content was increased 


TABLE I 
Effect of Protein on Deposition of Fat in Liver of Rat 

‘ Diet Liver fat* 

3 chlo- Supplement Dry weight | Wet weight 

ride 

et gm. per wk. per cent per cent 

1) 9|0.3 | 14.6 + 0.7/38.6 + 1.613.7 + 0.8 
2| 9} 0.3] 0.15 14.2 + 0.9/27.3 + 2.9) 8.7 + 1.1 
3/ 9/ 0.3 6% gelatin 22.1 + 1.3/32.3 4 1.2)10.6 + 0.4 
4} 9] 0.3) 0.15 6% 23.9 + 1.3)15.8 + 2.3) 4.6 + 0.7 
5 | 18 | 0.3 34.2 + 2.3/16.3 + 1.5, 4.8 + 0.5 
6 | 18 | 0.3) 0.15 34.9 + 2.210.0 + 0.6, 2.9 + 0.2 

2} 7} 9} 1.0 12.9 + 0.7|29.2 + 1.4) 9.7 + 0.6 
1.0 0.36% pu-threonine 17.7 + 0.8/17.9 + 0.9' 5.6 + 0.3 
9 | 20 29.9 + 1.3/25.1 + 2.5) 8.4 + 1.1 
10 | 20 | 0.6 29.8 + 1.6)18.9 + 3.5) 6.0 + 1.3 
11 | 20 | 1.0 24.0 + 0.4/18.9 + 1.2) 5.6 + 0.4 
12 | 20 0.15 29.7 + 1.0'9.3 + 0.5 2.7 + 0.2 
13 | 40 31.3 + 0.9)18.8 + 2.1| 5.7 + 0.6 
14 | 40 0.15 37.0 + 1.3) 9.8 + 0.5) 3.0 + 0.2 

3/15; 9/ 1.0 12.1 + 0.626.3 + 2.0) 8.3 + 1.2 
146/ 9/;1.0 0.36% pu-threonine 17.4 + 0.815.5 + 0.8) 4.3 + 0.3 
17| 1.0) 0.15 11.1 + 0.622.6 + 2.6, 6.9 + 0.9 
18 | 9/ 1.0) 0.15 0.36% pui-threonine 17.6 + 0.9110.9 + 0.4 3.1 + 0.2 
19} 9 1.0) 0.15 12% gelatin 27.1 + 1.611.0 + 0.8 3.14 0.3 
20 | 18 | 0.7 32.9 + 0.813.6 + 1.3) 3.9 + 0.4 
21 | 18 | 0.7); 0.15 34.9 + 1.459.383 + 2.64 0.1 

* The values represent the mean + standard error of the mean for six animals. 
above 18 per cent (Groups 13 and 14). When threonine was substituted 


for the additional protein in diets containing either 0.15 per cent choline 
or 1.0 per cent methionine plus 0.15 per cent choline (Group 7 versus 8; 
15 versus 16; 17 versus 18), fat deposition was likewise reduced. In each 
instance in which the effect of protein or threonine was apparent, the 
diet contained either close to the stated requirement of choline, or meth- 
lonine in quantities considered sufficient to replace choline. Since the diets 
of Groups 7, 8, and 10, and those of all groups in Experiment 3, contained 
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very close to the same amount of methionine, the effects noted in com. 
parisons involving these groups cannot be attributed to variations in the 
methionine content of the diets. 

When groups fed high casein diets containing methionine and lacking 
choline (Groups 5, 11, 13, 20) are compared with those fed similar diets 
containing choline (Groups 6, 12, 14, 21), it is apparent that methionine 
even at a level of 1.7 per cent (Group 11), did not cause quite as great, 
reduction in the deposition of liver fat as did 0.15 per cent choline. 


DISCUSSION 


These results indicate that the effect of additional protein or threonine 
in reducing fat deposition in the livers of young rats fed 9 per cent casein 
diets, supplemented with methionine and containing apparently ample 
amounts of choline (14, 15), can also be demonstrated when choline in the 
diet is replaced by 1.0 per cent methionine. Since in an earlier study (16) 
no effect of threonine was detected when choline was omitted from diets 
containing 0.3 per cent pL-methionine, it seems that this effect of protein or 
threonine is demonstrable only when the diet contains close to the stated 
requirement of known lipotropic factors. 

Earlier studies on the lipotropic effect of protein assume new interest 
in the light of this observation. Best and Ridout (8) found that 5 per cent 
meat powder, plus methionine and cystine equivalent to that contained in 
30 per cent casein, was less effective than was 30 per cent casein. Although 
the meat powder diet should have provided ample methionine, it would 
have been deficient in other amino acids such as threonine. 

Beeston et al. (19) observed that fat deposition in the livers of mature 
rats fed diets containing 5 per cent casein and 0.1 to 0.2 per cent choline 
was from 7 to 8 per cent (wet weight), or approximately double that found 
in the livers of similar animals fed high casein diets. The latter diets would 
have provided ample threonine and other amino acids. 

Both Tucker et al. (9) and Treadwell et al. (10) have suggested that the 
effect of protein on fat deposition in the liver can be explained solely on the 
basis of the methionine and cystine content of the protein. In their work, 

levels of casein up to only 25 per cent, an amount insufficient to provide 
optimal methionine, were fed, and reductions in liver fat to only 10 per 
cent (wet weight) were observed. Since Beveridge et al. (6) have shown 
that casein is more effective than the methionine and cystine it contains 
when it is fed at levels above 22 per cent, it would appear that their 
diets provided insufficient methionine or choline to permit the secondary 
effect of protein on fat deposition to become apparent. 

Eckstein (11) was also unable to demonstrate any lipotropic effect of 
essential amino acids other than methionine when he used choline-free 


die 
m¢ 
in 
ws 
Su 
fec 
pe 
of 
ti 
hi 
on 


1reonine 
t casein 
, ample 
e in the 
dy (16) 
m diets 
otein or 
> Stated 


HARPER, BENTON, WINJE, AND ELVEHJEM 


diets. Such diets have been used in previous studies (20-24) in which 
most of the known amino acids have been tested for lipotropic activity, and 
in these also effects of amino acids would probably be masked (16). 

In the work of Beveridge et al. (6), which was alluded to earlier, the 
greater effectiveness of casein over its equivalent in methionine and cystine 
was evident only when the diet contained about 0.5 per cent of methionine. 
Since mature rats were used in their study and since the animals were pair 
fed and in most instances lost weight, that amount of methionine probably 
permitted close to the maximal lipotropic effect. 

Although young animals were used in the study reported in this paper, 
and while mature rats were used in most of the earlier studies, fat accumu- 
lated in the livers of mature rats receiving choline when the casein content 
of the diet was reduced to 5 per cent (25). Threonine was much more effec- 
tive than additional choline in reducing this accumulation of fat. Also 
high fat diets were used in most of the earlier studies discussed, but thre- 
onine is effective in reducing fat deposition in the livers of rats fed diets 
containing 20 per cent fat (16). 

When all of these facts are considered, it appears that the secondary ef- 
fect of protein in reducing the deposition of fat in the liver is a reflection of 
the amino acid-deficient diets used in most of these studies. Threonine 
(14, 15) or threonine and glycine (16) are required to insure minimal fat 
deposition in the liver when low casein diets are fed. With other proteins 
other amino acids may be required (15). Evidence is currently accumulat- 
ing in our laboratory (unpublished results) that glycine is more effective 
than threonine when albumin diets (which were commonly used by Chan- 
non and his associates) are fed. 

The importance of these results in studies of lipotropic factors is difficult 
toevaluate. It would appear from a consideration of previous results (26) 
that complications from the secondary effect of protein are unlikely when 
diets low in casein are used without supplements of sulfur amino acids for 
studies of the lipotropic action of choline and some choline precursors. 
However, when sulfur amino acids are provided, as is the case in studies of 
the choline-sparing action of methionine, the balance of amino acids in the 
diet could affect the results. Even with higher protein diets, the amino 
acid balance of the diet may be of significance (unpublished results). 

Another point of interest in this study is that no further decrease in liver 
fat was obtained when methionine was increased above 1.2 per cent nor 
when the level of casein was increased to 40 per cent in choline-free diets. 
In every instance, however, when choline was included with high methi- 
onine or high protein, a further small reduction in liver fat occurred. 
Treadwell (27) has studied the methionine requirement for both growth 
and lipotropic activity and has stated that 1.2 per cent methionine is suffi- 
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cient for maximal lipotropic activity; nevertheless, the inclusion of choline 
in one of his diets resulted in some further decrease in liver fat. Rose ¢ 
al. (28) have reported similar results. It thus appears that some effect gf 
choline on fat deposition can be demonstrated even in the presence of larg 
amounts of methionine or protein. No attempt has been made to com. 
pare choline and methionine on a quantitative basis. Such a study, cur. 
rently under way at Toronto, has proved to be very complex.! 

From the results, the conclusion that there are two distinct effects of 
dietary protein on fat deposition in the liver appears justified; first, the ef. 
fect of methionine, which has been well established (6, 11), in sparing 
choline by providing methyl] groups for choline synthesis, and secondly, the 
effects of other amino acids, partial deficiencies or imbalances of which 
cause fat to accumulate in the liver. 


SUMMARY 


The effects of choline, methionine, and additional protein on fat deposi- 
tion in the livers of rats fed low protein (casein) diets have been studied, 
Neither choline nor methionine in amounts sufficient to meet the stated re- 
quirements of the rat for these compounds for growth and the prevention 
of fatty infiltration prevented some excess of fat from accumulating in the 
liver. Only when either the protein or the threonine content of the diet 
was increased was the fat content of the liver reduced to what is considered 
the normal range. 

It is suggested that this secondary lipotropic effect of protein (the spar- 
ing of choline by methionine being the primary effect) is not a choline 
sparing action but results from the provision of certain amino acids, de- 
ficiencies of which (with low casein diets, threonine deficiency) cause fat to 
accumulate in the liver. This effect is apparent only when the diet con- 
_ tains either choline or methionine in amounts approaching what is con- 
sidered to be the requirement. 
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THE RELATIONSHIP OF IRON TO XANTHINE OXIDASE* 
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The bioassay procedure developed (1) for the xanthine oxidase factor 
provided the means by which the trace element molybdenum was recog- 
nized (2, 3) as a dietary essential for the deposition and maintenance of 
normal levels of xanthine oxidase in rat liver and intestine. Molybdenum 
was found to be present in highly purified preparations of milk xanthine 
oxidase (3-5), and appears to be part of the enzyme molecule. In addi- 
tional studies reported herein, iron was also found to be required in the diet 
simultaneously with molybdenum in order to obtain the intestinal xanthine 
oxidase response. The purified milk enzyme contained iron in approxi- 
mately an 8:1 ratio with molybdenum or a 4:1 ratio with riboflavin. The 
criteria, which indicate that xanthine oxidase is a molybdenum enzyme, 
also indicate that it contains iron. 


EXPERIMENTAL 
Methods 


Liver and intestinal xanthine oxidase activities were determined mano- 
metrically by the methods previously described (6). Blood hemoglobin 
was measured colorimetrically (7). Molybdenum was determined colori- 
metrically as the ether-soluble thiocyanate according to the method of 
Marmoy (8), except that the color was allowed to develop for 5 minutes 
and its intensity was measured with a Coleman spectrophotometer at 470 
my (9). Large tissue samples were digested with sulfuric-nitric-perchloric 
acids; small enzyme samples were digested with 0.5 to 1 ec. of HxSO, and 
cleared with several drops of Superoxol. For iron analysis the digests 
were diluted to 8 cc. and the method described by Kitzes et al. (10) was 
followed from the neutralization by the ammonia step. Riboflavin was 
determined spectrophotometrically at 450 my in a 4 per cent trichloro- 
acetic acid extract of the enzyme preparation; riboflavin was also deter- 
mined microbiologically (11) in the original enzyme and various extracts, 
and such values agreed within the limitations of the methods with the op- 
tical measurements. 

Fe versus Intestinal Xanthine Oxidase—The response of intestinal xan- 


* This study was aided by a grant from the American Cancer Society upon recom- 
mendation of the Committee on Growth of the National Research Council. 
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thine oxidase (XO) to variations in dietary trace elements was tested by 
the same procedure used (3) for studying the xanthine oxidase factor, 
molybdenum. Groups of eight weanling male rats were fed the purified 
test diet for 6 to 10 days, after which the same diet, supplemented with 2), 
40, or 607 of molybdenum (as sodium molybdate) per kilo of diet, was fed 
for 7 days. The rats were then sacrificed, and the intestinal xanthine 
oxidase was measured. All the diets contained 24 per cent Labco casein 
and were identical in composition (12), except for the trace elements. The 
diet used in previous studies from this laboratory contained 4 per cent Phil. 
lips and Hart (13) salt mixture, which was modified by increasing the man- 
ganese concentration to 5 times the original value. Diets used in the pres. 
ent study also contained 4 per cent Phillips-Hart salts, but each of the 
trace elements (Fe, Cu, Mn, and Zn) was omitted individually or in groups 
from the salt mixture. In other experiments the concentration of each of 
the trace elements was increased by some multiple (usually 10) of the 
amount present in the original salts. 

Typical results are given in Table I. The average intestinal XO value 
for each group has been recorded, and from this value the corresponding Mo 
content of the diet was estimated from the previously published (3) assay 
curve. Comparison of such values with the amount of Mo added to the 
diet provides a better index of the variability and effect produced than does 
the intestinal XO alone, since the assay curve is not a straight line. The 
original salt mixture (13) gave the same results as the one modified by in- 
creasing the Mn content 5-fold. Omitting Mn, Cu, or Zn from the diet 
had no effect on the molybdenum response, since all of the assay results 
obtained fell within 25 per cent of the standard curve. However, the 
omission of iron from the diet tended to prevent the response to Mo. 
This same effect of a dietary iron deficiency was observed in four other ex- 
periments in which the Fe was omitted from the diet together with Cu and 
' Zn, Zn and Mn, Mn and Cu, or Cu, Mn, and Zn. Increasing the Fe con- 
tent of the diet ten times over that provided by the usual Phillips-Hart 
salts was without effect, except possibly with small amounts of Mo. The 
iron citrate used in these diet studies contained approximately 2.0 7 of Mo 
per gm. and could therefore have contributed only 2.0 y of Mo per kilo of 
diet. Hence, both Mo and Fe were required in the diet simultaneously for 
the building of intestinal XO. 

In addition to the studies recorded in Table I, the following variations in 
trace elements were found to have no significant effect on the intestinal XO 
response to 20, 40, or 60 y of Mo per kilo of diet: (1) a deficiency of Cu plus 
Mn, or Cu plus Mn plus Zn, and (2) 10 times the usual concentration of 
Cu, Zn, or Mn, or Cu plus Mn, and (3) 20 times the usual concentration of 
Mn. Mn has been reported to have some interrelation with Mo in plants 
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(14, 15), and CuSO, has been used in treating Mo toxicity in cattle (16). 
However, under these test conditions neither of these elements had any 
effect on the intestinal response to small amounts of dietary sodium molyb- 
date. 

Liver and Intestinal XO versus Milk Diets—Milk, supplemented with Fe, 
Cu, and Mn, was previously found (1) to be a good diet for the deposition 
of both liver and intestinal XO. Since unsupplemented milk is a very 
effective diet for producing an iron deficiency anemia, selectively supple- 
mented milk diets were appropriate for studying not only the Fe-Mo rela- 
tionship but the effect of Cu and Mn as well. 


TABLE I 


Effect of Variations in Other Dietary Trace Elements on Response of Intestinal 
Xanthine Oxidase to Molybdenum in Rats 


|Without| Without] Without Without 1 Fe 

» 

20 Intestinal XOf 7 7 7 8 6 2 15 
Mo per kilo,§ y 20 | 2 | 20 | 22 | 17 4 | 38 

40 Intestinal XO 17 19 20 19 24 7 22 
Mo per kilo, + 40 44 45 44 51 20 48 

60 Intestinal XO 31 25 24 32 25 9 34 
Mo per kilo, + 60 53 51 63 53 25 68 


* Previously published (3) assay curve, with a dietary salt mixture in which the 
Mn concentration was 5 times greater than in the original Phillips and Hart salts. 

t Original salt mixture (13). 

t Average intestinal xanthine oxidase values are recorded as c.mm. of Oz per 20 


minutes per flask containing 283 mg. of fresh tissue. 
§Mo content of the diet estimated from the intestinal XO response and the 


previously published (3) assay curve. 


Weanling male albino rats were fed diets of fresh milk supplemented with 
the trace minerals shown with their results (Table II). Suitable salts were 
added to provide 0.2 mg. of Mn, 0.2 mg. of Cu, 2.0 mg. of Fe, or 2.0 mg. of 
Co per 100 cc. of milk. By analysis, the milk contained 1.97 y of Mo per 
100 cc. or 181 y of Mo per kilo of solids, which was well in excess of the 
amount of Mo required in a purified diet to give “saturation” levels of in- 
testinal XO (3). After 3 to 4 weeks, the rats were sacrificed by decapi- 
tation and analyzed. 

Since the results of two similar but independent experiments were the 
same, the data have been combined in Table IJ. The blood analyses 
showed the marked anemia expected from the omission of the iron supple- 
ment. Intestinal XO responded partially to the Mo present in the milk 
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without the addition of iron, but a maximal response was not obtained 
unless Fe was also added. The intermediate level achieved with milk alone 
was increased to maximal values by Fe, and the presence or absence of (Cy 
or Mn was without effect on the response of the intestinal enzyme to the 
iron-supplemented milk. In the absence of Fe, the addition of Cu or Mp 
reduced the intermediate intestinal XO levels to very low values. 

Liver XO was unaffected by the presence or absence of Fe, Cu, or Mp 
from the diet, except that Cu in the absence of Fe gave marked increase 


TABLE II 


Effect of Supplements of Trace Minerals on Liver and Intestinal Xanthine Oxidase 
Activities in Rats Fed Whole Milk 


Milk supple- Xanthine oxidaset 
Fe | Cu | Mn Liver Intestine 
gm. gm. per 100 cc. - 

17 20 64 5.6 + 1.3 | 29 + 21 + 3.2 
+ it it 16 20 91 14.2 + 0.4 | 47 + 1.3 | 27 4 2.1 | 45 + 3.0 
16 21 84 | 11.2 4+ 0.5 | 39 +1.3 | 2641.9} 51435 
18 22 62 6.24 0.1 | 22+ 0.6|47 
— {t+ 16 22 79 5.2 + 0.2 | 20+ 1.0} 31 + 3.1 8 + 28 
14 23 77 6.42+ 2441.8} 4422.2 52414 
+;i;-{t+ 15 24 95 13.3 + 0.5 | 45 + 1.5} 22 4 2.1 | 49 +27 
+/+ ]-— 17 25 87 | 15.2 + 0.4} 51 + 1.1 | 3241.8 | 51 + 2.6 
+ 1+ 17 26 72 | 15.2 + 0.6 | 54 41.7 | 27 + 2.5 | 2923.5 


* Starting weights averaged 35 to 39 gm. 

t The xanthine oxidase activities have been recorded as net oxygen uptake in 
c.mm. per 20 minutes per flask containing 283 mg. of fresh tissue; mean + standard 
error. 

t In addition to Fe, Cu, and Mn, the milk was also supplemented with 2 mg. of 
Co per 100 cc. 


in thisenzyme. Hence, an Fe deficiency, which was reflected by an anemia 
and a decrease in intestinal XO, did not alter liver XO. Cu depressed the 
intestinal enzyme and increased the liver enzyme when the iron supplement 
was omitted, but it had no effect on either enzyme when Fe was also added 
to the milk. Mn also depressed the intestinal enzyme in the absence of 
Fe but did not affect the liver XO. 

The addition of Co to the completely supplemented milk prevented the 
attainment of maximal XO levels in the intestine; this is believed to be due 
to an effect on Fe metabolism because this amount of Co was found to be 
quite toxic in the absence of Fe. All the rats receiving Co but no Fe 
supplement died within 3 weeks, while those receiving both the Co and Fe 
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supplements survived; the presence or absence of Cu had no effect on this 
Co toxicity. 

A study similar to the experiment with milk was carried out with puri- 
fed 24 per cent casein diets in which Fe, Cu, and Mn were included or 
omitted from the salt mixture in the pattern shown for the milk experiment. 
Right such diets were used, with and without supplements of 200 y of Mo 
pr kilo. No significant amount of intestinal XO (XO= 0 to 2 c.mm. of 
0, per flask per 20 minutes) was found unless the diet contained Mo (XO 
= 34), and the maximal response (XO = 42 to 46) was obtained only when 
Fe was also present. As with the milk experiment, lower intestinal XO 
values (XO = 22 to 26) were obtained when Cu or Mn was present in the 
absence of iron. Therefore the intestinal responses to the purified diets 
were similar to the results obtained with the milk diets, but the effects were 
less marked. Liver XO was higher on the diets containing Mo (XO = 30 
wrsus 19), but there were no clear cut effects on either of these levels from 
variations in the other trace elements. The same was true for the concen- 
tration of Mo in the liver (1.5 versus 0.5 y of Mo per gm. of dry weight). 
The degree of anemia resulting from the omission of Fe from the purified 
diets was somewhat less severe than that produced by unsupplemented 
milk (8.2 versus 5.9 gm. of hemoglobin per 100 cc.); the presence or absence 
of dietary Mo had no effect on the hemoglobin levels. The reason for the 
smaller effects obtained with the purified diets as compared with the milk 
diets is not evident, but such differences in the production of anemia are 
well known. 

Fe in Milk XO—Xanthine oxidase preparations, made from fresh raw 
cream (17) and usually possessing a Qo, of about 900 at 37°, were dialyzed 
against repeated changes of cold ion-free water for several days before 
analysis. Six such preparations had atomic Fe: Mo ratios ranging between 
8and 10, with an average of 8.8. A value of 8 is believed to be the prob- 
able correct ratio, since evidence was obtained of a preferential loss of Mo 
(as compared with Fe) which accompanied any denaturation of the enzyme 
during the fractionation procedures. A preparation stored under ammon- 
ium sulfate for 8 weeks at 0° and then fractionated between 0.33 and 0.42 
saturated ammonium sulfate had a Qo, of only 230 instead of the usual 900; 
however, it had the usual activity of 4000 to 5000 c.mm. of Oz per hour per 
10f Mo, and a very high Fe: Mo ratio of 26. The loss of Mo from the pro- 
tein during the storage period paralleled the loss of enzymatic activity, but 
the iron was more firmly attached to the protein, and the Fe:Mo ratio 
therefore increased as the Mo was lost. Our best preparation had Fe and 
Mo concentrations of 0.14 and 0.03 per cent, respectively. 

In agreement with previous reports (4, 5), two riboflavin molecules were 
found to be present in the enzyme for each atom of Mo. The enzyme 
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therefore contained Fe, riboflavin, and Mo in an 8:2:1 ratio. The minim 
molecular weight calculated from the concentrations of these constity. 
ents would be in the range of 320,000. A molecular weight of 340,000 to 
400,000 has been estimated (18) from the optical density ratios at 280 and 
450 my, and a molecular weight of 220,000 to 320,000 was estimated fron 
an ultracentrifugal analysis (19). 

Since the Pangestin used in the purification of the milk enzyme contained 
substantial amounts of iron, the possibility existed that the iron in the final 
enzyme preparation represented a contamination from this outside source. 
The enzyme was therefore prepared with 70 mg. of Armour’s crystalline 
trypsin (containing 2 to 3 y of Fe per 100 mg.), replacing the Pangestin in 
Ball’s procedure. Trypsin modified the subsequent partitioning of the en. 
zyme, so that more of the activity precipitated with the first 0.33 saturated 
ammonium sulfate fraction instead of in the usual 0.33 to 0.42 saturated 
fraction. Reworking the first precipitate between 0.3 and 0.42 saturated 
ammonium sulfate gave an enzyme preparation with an Fe: Mo ratio of 
7.8. The usual 0.33 to 0.42 fraction had a ratio of 9.2. Since the Fe:Mo 
ratio in these fractions was essentially the same as when Pangestin was used, 
it was concluded that the Pangestin did not contribute any iron to the final 
xanthine oxidase preparation. 

No evidence for the existence of a porphyrin structure in the enzyme 
could be obtained from either the absorption spectrum of the enzyme or an 
attempted separation (20) of any porphyrin component as its methy] ester 
and concentration of the latter through its solubility in CHCl;. Over 9 
per cent of the iron appeared in the dialysate when the enzyme was dialyzed 
against 0.2 N HCl at 3° for 48 hours; Mo also was dialyzed under these con- 
ditions. The dialyzed iron appeared to be free, since the amount of iron 
found in the dialysate upon direct analysis was the same as that found after 
destruction of any organic material. Heat coagulation of the protein gave 
variable amounts of Fe in the supernatant fluid. 

Absorption Spectra—Xanthine oxidase has long been considered to be an 
atypical flavoprotein because the absorption spectrum of the enzyme indi- 
cates the presence of some component in addition to flavin-adenine dinv- 
cleotide (FAD) (17, 21). Absorption studies were therefore made to see 
whether the iron could account for the spectrum of the unidentified omer 
nent of the enzyme. 

Fig. 1 shows the spectrum of milk XO in comparison with that given » 
the same amount of iron present in the enzyme preparation. The spectrum 
of crystalline ferritin from spleen (22) is also given, since it is a non-porphy- 
rin iron-containing protein (found to be free of Mo), and is known (23) to 


1 We are indebted to Dr. M. P. Schulman for this investigation of porphyrin in the 
enzyme. 
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have a spectrum somewhat similar to the reduced curve of milk XO. The 
results show that, while the curves for Fe and ferritin are qualitatively 
similar to the spectrum of the unidentified component of milk XO, the in- 
tensity of the Ie color would have to be enhanced approximately 5-fold by 
combination with the enzyme in order for the curves to be in the same 
range quantitatively. 

The enhancement of the color produced by the flavin portion of the socio. 
cule through its combination with the enzyme has been indicated by Morell 
(24). Spectral comparisons have therefore been made with the ‘“dena- 
tured”? enzyme, and the results are shown in Fig. 2. Treatment of the 
enzyme (Curve 1) with dilute HCl (Curve 2) markedly decreased absorp- 
tion over the entire range; this effect was similar to that reported by Morell 
(24) for treatment of the enzyme with Ca or Mg salts and attributed by 
him to a splitting of FAD from the enzyme. An alteration in the absorp- 
tion of the other chromogen in the molecule also occurred with acid treat- 
ment, since there was a marked decrease in the density at 320 my (where 
riboflavin had little effect). A heat-coagulated supernatant solution of the 
enzyme (Curve 3) contained 74 per cent of the Fe and all of the riboflavin; 
its spectrum showed the presence of a component in addition to riboflavin 
(Curve 4) because of the higher absorptions at 320 and 370 my, and was 
essentially identical with the spectrum of a corresponding mixture of ribo- 
favin and inorganic iron (Curve 5). There was, however, a lack of com- 
plete correspondence between Curves 3 and 5 at 320 my. The decreased 
absorption of the heat-coagulated supernatant layer (Curve 3), as com- 
pared with the acid-treated enzyme (Curve 2) would indicate either that 
the heat treatment gave a more extensive “denaturation” of the enzyme or 
that it precipitated some of the unidentified chromogen with the protein. 
The heat-coagulated protein was therefore digested with 7 mg. of crystal- 
line pepsin in 0.066 N HCl, and its spectrum was obtained. The spectrum 
of a similar pepsin blank containing 1.3 y of Fe per cc. (the amount of Fe 
found in the coagulated protein) was subtracted in order to obtain the Fe- 
free flavin-free residual spectrum shown as Curve 6. Summation of this 
residual spectrum (Curve 6) with that given by 5.07 y per cc. of riboflavin 
and 4.47 y per cc. of Fe gave Curve 7, which resembled the spectrum of the 
acidified enzyme solution. Hence the addition of iron and riboflavin to the 


small amount of chromogen remaining with the protein precipitate ac- 
counted for most of the spectrum of the acid-treated enzyme, but again 
there was a lack of complete correspondence at 320 mu. 

These spectral studies show that the iron present in xanthine oxidase ac- 
counts for at least part of the unidentified spectrum of xanthine oxidase. 
It is not yet certain that Fe is responsible for all of the atypical spectrum of 
the enzyme because of some unaccounted for color in the near ultraviolet, 
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and because it is not yet known what acid treatment or heat denatur. 
tion does to the chromogens in the original enzyme. 

Fe versus Enzyme Activity—The effect of various treatments of the pur. 
fied milk xanthine oxidase was tested in the usual Warburg procedure with 
hypoxanthine substrate. This method would detect any inhibition of the 
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Fig. 1. The absorption spectrum of milk xanthine oxidase in comparison with 
ferritin and inorganic iron. Curve 1, milk xanthine oxidase containing 2.63 y of Fe 
per cc.; Curve 2, enzyme reduced with Na2S.0,; Curve 3, ferritin containing 14.27 
of Fe per cc.; Curve 4, FeCl; (2.63 y of Fe per cc.); and Curve 5, ferritin (2.63 y of Fe 
per cc.). All the solutions were made up in a buffer of pH 7.4. Ferritin was not re- 
duced by Na28.0, at this pH during the time required to obtain the curve. 

Fic. 2. The absorption spectra of acid and heat-treated milk xanthine oxidase in 
comparison with equivalent amounts of iron and riboflavin. Curve 1, original milk 
xanthine oxidase preparation containing 4.47 y of Fe and 5.66 y of riboflavin per cc.; 
Curve 2, enzyme in 0.066 n HCl; Curve 3, centrifuged supernatant fluid from heat- 
coagulated enzyme (10 minutes in boiling H2O), acidified with HCl] to 0.066 Nn, con- 
taining 3.33 y of Fe per cc., and possessing a density at 450 my equivalent to 5.6 
y per cc. of riboflavin alone or to 5.07 y per cc. of riboflavin plus 3.33 y per cc. of Fe 
as FeCl;; Curve 4, riboflavin, 5.07 y per cc. of 0.066 N HCI; Curve 5, riboflavin (5.07 
y per cc.) and iron (3.33 y of Fe per ec. as FeCl;); Curve 6, heat-coagulated enzyme 
protein dissolved by treatment with crystalline pepsin in 0.066 N HCl. A pepsin 
blank containing the same amount of Fe found in the coagulum was subtracted in 
order to obtain the Fe-free, flavin-free residual spectrum shown; Curve 7, summs- 
tion of Curve 6 with the spectra given by 5.07 y per cc. of riboflavin and 4.47 y per ce. 
of Fe as FeCl. 
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dehydrogenase activity of the enzyme as well as the reoxidation of the en- 
syyme by air. Incubation of the enzyme for 45 minutes at 37° with such 
potential iron inhibitors as 10~* M a,a-dipyridyl, disodium versenate, ferric 
specific Versene, or 10~* m sodium azide gave no change in the xanthine oxi- 
dase activity when the latter was compared with untreated enzyme (20 to 
30c.mm. of Oz per 10 minute). Repeated freezing and thawing of the en- 
zyme did not inactivate it, but heating at 56° for 30 minutes reduced its 
activity to about one-third of the original. The addition of ferrous or ferric 
iron With or without ascorbic acid and NazMoQ, did not restore any of the 
activity of the heated enzyme, or of enzyme inhibited by 6-pteridylalde- 
hyde, and such additions did not have any effect on the activity of untreated 
XO. 

Incubation of the enzyme with 10-* m KCN for 45 minutes at 37° has 
lng been known (25, 26) to inactivate xanthine oxidase. Since this is not 
a general phenomenon for dehydrogenases (27), it is possible that cyanide 
inactivation of this enzyme is related to the presence of iron in the molecule. 
However, it was not possible to reactivate xanthine oxidase by the addition 
of or reincubation of the cyanide-treated enzyme with ferrous or ferric iron 
with or without ascorbic acid and NasMoQ,. 


DISCUSSION 


There are several indications that xanthine oxidase may contain an uni- 
dentited chromogen in addition to the iron, riboflavin, and molybdenum 
now known to be present. It is doubtful that these known components can 
account, for the entire absorption spectrum of the enzyme, particularly in 
the near ultraviolet region. Moreover, the absorption spectrum (28) of 
another iron fiavoprotein enzyme (29), diphosphopyridine nucleotide- 
eytochrome c reductase, is distinctly different from the spectrum of xanthine 
oxidase in the 300 to 400 my range. The visible spectrum of the reductase 
issimilar to that given by a mixture of iron and riboflavin, and would seem 
to be accounted for by these two constituents. On the other hand, the 
spectrum of xanthine oxidase increases continuously below 400 my, and the 
3/5 my peak of riboflavin shows up only as a shoulder superimposed upon 
the much greater absorption attributed to the unidentified component. 

It would be logical to assume that the Fe in xanthine oxidase functions 
in the manner attributed (29) to it in DPN-cytochrome c reductase or to 
copper in the Cu flavoprotein, butyryl coenzyme A dehydrogenase (30). 
However, since no evidence has yet been obtained regarding the réle of 
iron or molybdenum in xanthine oxidase, and since the spectrum of xanthine 
oxidase indicates the presence of some component not contained in the 
other metal flavoproteins listed above, any conclusions regarding the 
mechanism of action of iron in xanthine oxidase would be premature. 
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SUMMARY 


In the bioassay procedure for the xanthine oxidase factor, both Fe an 
Mo were required in the diet simultaneously for the building of intesting| 
xanthine oxidase; the omission of Fe from purified 24 per cent. casein diets 
tended to prevent or minimize the response of the intestinal enzyme to 2 
40, or 60 y of Mo per kilo of diet. A deficiency or excess of Cu, Mn, or J 
had no effect. 

Milk (containing 181 y of Mo per kilo of solids) fed to weanling rats fo 
3 to 4 weeks yielded intermediate levels (21 units) of intestinal XO; maxi. 
mal values (45 to 51 units) were obtained when Fe was added to the milk 
Liver XO (29 units) was unaffected by dietary Fe. Cu depressed the jp. 
testinal enzyme (6 units) and increased the liver enzyme (47 units) when 
the iron supplement was omitted, but it had no effect on either enzyme when 
Fe was also added to the milk. Mn also depressed the intestinal enzyme 
(8 units) in the absence of Fe but did not affect the liver XO. Co was toxic 
in the absence of Fe. Purified 24 per cent casein diets were less effective 
for demonstrating these relationships than were the milk diets. 

Purified milk xanthine oxidase contained Fe, riboflavin, and molybdenum 
in a ratio of 8:2:1, and had a minimal molecular weight of approximately 
320,000. The absorption spectra of inorganic iron and of ferritin were qual- 
itatively similar to the spectrum of the unidentified component of milk X0, 
but the intensity of the Fe color would have to be enhanced approximately 
5-fold by combination with the enzyme in order for the curves to be in the 
same range quantitatively. A mixture of iron and riboflavin accounted for 
most of the absorption spectrum of the acid-treated enzyme or of a heat- 
coagulated supernatant fraction, but there was a lack of complete corre- 
spondence in the region of 320 mu. 

The activity of xanthine oxidase was unaffected by treatment with 
a,a-dipyridyl, Versene, or sodium azide. Cyanide-treated enzyme was 
not reactivated by ferrous or ferric iron with or without ascorbic acid 
and NaeMoQ,. 
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In 1927 Eggleton and Eggleton (2) and Fiske and Subbarow (3) re- 
ported the existence in muscle of an extremely labile phosphate compound 
which was isolated and characterized as creatinephosphoric acid (4). Mey- 
erhof et al. (5, 6) measured the heat of hydrolysis of this compound and 
placed it in the category of what are today called “high energy”? phosphate 
compounds. The significance of creatine phosphate in muscle physiology 
was soon recognized (7). 

Lohmann (8, 9) established that the enzymatic hydrolysis of this com- 
pound occurred indirectly, by transfer to the adenylic acid system; he 
assumed that both ADP! and AMP might accept phosphate from Cr ~ P. 
Lehmann (10) established the reversibility of the phosphate transfer be- 
tween Cr ~ P (or arginine phosphate in invertebrate muscle (11)) and 
ADP, and found that the equilibrium established corresponded to Reac- 


tion 1. 
(1) ATP + Cr= ADP + Cr~P 


Partial purification of the enzyme catalyzing Reaction 1 has been reported | 
by Banga (12) and by Askonas (13, 14). Banga’s paper (12) described 
also a second enzyme fraction which transferred phosphate from Cr ~ P 
to AMP. Since the present investigation disclosed no evidence for the 
existence of such an enzyme in rabbit muscle, it seems likely that this re- 
action is a result of the combination of myokinase (15) and the enzyme 
which catalyzes Reaction 1. 


* A report of this work was presented at the April, 1953, meeting of the American 
Society of Biological Chemists (1). The investigation was supported in part by the 
United States Public Health Service, the Life Insurance Medical Research Fund, 
and the Office of Naval Research. 

+ Predoctoral Fellow, United States Public Health Service. Present address, 
Johnson Research Foundation, University of Pennsylvania, Philadelphia. 

t Fellow of the National Heart Institute. 

1 The abbreviations used in this series of papers follow the accepted biochemical 
usage: ATP, adenosinetriphosphate; ADP, adenosinediphosphate; AMP, adenosine- 
monophosphate; Cr ~ P, creatine phosphate; Cr, creatine. 
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The enzyme, ATP-creatine transphosphorylase, which catalyzes the re. 


versible Reaction 1, has now been isolated in crystalline form (Fig. 1) from ~ 
rabbit skeletal muscle in relatively good yields. ret 
Isolation Procedures 

on | 

Two methods, based to a great extent on the ethanol fractionation pro- va p 


cedures of Cohn and associates (16), have been devised for isolating the Pre 
enzyme, and, since each procedure possesses advantages, both will be de- 
scribed. Procedure A, although more lengthy, brings the enzyme to high 


Fic. 1. Crystals of ATP-creatine transphosphorylase.. Photomicrograph ob- reach 
tained with a Spencer phase contrast microscope at about —10°. The magnifica- lion o 
tion is indicated by the 50 u line drawn on the photograph. 


purity before crystallization. Procedure B has as its main advantage 
speed and brevity of detail. The yield of enzyme in Procedure B is higher Seal 
than in Procedure A (in some cases 80 per cent of the total enzyme is ob- 
tained in crystalline form), but it is somewhat more difficult to crystallize to bri 
in the absence of seed. It is convenient to prepare the enzyme first by dialy: 
Procedure A and to use these crystals te seed larger batches prepared by | fo or 


Procedure B. clear 
Procedure A Fre 
cold § 


The fractionation procedure takes advantage of the remarkable stability tratio 
of the enzyme in ethanol and the fact that, in the presence of the divalent natur 
cations, Mgtt, Mn*+, Zn+*+, at relatively high ionic strengths, the enzyme the st 
could be fractionated sharply from other proteins by ethanol. Since the Fre 
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frst two cations have a relatively high affinity for the enzyme (17), and 
since all three cations possess excellent powers to form complexes, their 
effectiveness in the fractionation may be interpreted in terms of cation 
binding with the enzyme. In addition, the technique of fractional extrac- 
tion was employed by selectively extracting the magnesium proteinates in 
the presence of the common ion, Mg**. 

Preparation of Homogenate—The back and leg muscles of a rabbit are 
excised immediately after decapitation and are thrust into ice. The mus- 
cles are passed through a chilled meat grinder and homogenized in a Waring 
blendor with 4 liters of 0.01 m KCl per kilo of ground tissue. 

Fraction I—The homogenate is heated in a porcelain-lined vessel by im- 
mersing in a boiling water bath and stirred efficiently until the temperature 
has risen to 39.5°. The vessel is transferred to a 40° (+0.5°) bath, and 
the contents are stirred for a total of 15 minutes. The vessel is then chilled 
ina —10° bath and the contents are stirred continuously until the tempera- 
ture is about +5°. In a cold room the thick suspension is squeezed by 
hand, in small batches, through four layers of cheese-cloth, and the cloudy 
filtrate is centrifuged at 1000 X g for 1 hour at 0°. The supernatant liquid 
(Fraction I) is decanted through cheese-cloth to remove the fatty layer. 

Fraction II—Fraction I is brought to 0.1 m MgAc2 by addition of solid 
MgAc,-4H,0, and the pH is adjusted to 6.5 with 1 n NaOH. The solution 
is chilled to about 0° in a —10° bath and 0.25 volume of 95 per cent ethanol 
(chilled to —10°) is added with mechanical stirring at a rate of 100 ml. per 
minute. After allowing the temperature to drop to —9°, 95 per cent 
ethanol is added at the above rate until a concentration of 52 per cent is 
reached. (In this series of papers, unless otherwise noted, the concentra- 
tion of alcohol 1s expressed in terms of volume per cent of 95 per cent ethanol, 
assuming that the volumes are additive.) ‘The mixture is then stirred for 1 
hour and centrifuged at 1000 X g for 30 minutes at 0°. The supernatant 
liquid is returned to the —10° bath, and ethanol is added as before to a 
fnal concentration of 67 per cent. After 1 hour at —10° the suspension 
is centrifuged as before, and the precipitate is taken up in 0.01 m NaHCO; 
to bring the final volume to about 15 per cent of that of Fraction I. After 
dialyzing against 0.01 m NaHCO; (two changes, each of 20 volumes) at 3° 
for 20 hours, the insoluble protein is separated by centrifuging and the 
clear liquid (Fraction II) retained for the next step. 

Fraction II J—Fraction II is brought to pH 8.5 with 1 Nn NaOH, and 
cold 95 per cent ethanol is added rapidly with efficient stirring to a concen- 
tration of 60 per cent. After holding at 20° (+0.5°) for 4 hours, the de- 
natured proteins are sedimented at 1000 X g for 30 minutes at 20°, and 
the supernatant liquid (Fraction III) is retained. 

Fraction IV—Fraction III is brought to 0.03 m MgSO, by addition of a 
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2 M MgSO, solution (the pH of which had been adjusted to 8.7 with 2 
NaOH), and ethanol is added to restore the concentration of 60 per cent, 
After stirring for 3 hour at 20° the precipitate is collected by centrifugation, 
The precipitate is twice extracted at 0° by dispersing it in 0.07 mM Mg§0, 
pH 9 (first with about 3 per cent, then with about 2 per cent of the volume 
of Fraction I), and centrifuging at 2000 < g for 15 minutes at 0°. The 
combined extracts are dialyzed, with efficient stirring, against 60 volumes 
of a weakly ammoniacal (pH 9) solution at 3°. Three changes of the go. 
lution are made during 24 to 36 hours. <A very small amount of the gus. 
pended solids is removed by filtration. 

Fraction V—Fraction IV is made 0.1 m with respect tg MnAcz (by addi- 
tion of 2 m MnAce, pH 6) and 0.0054 m with respect to histidine (by add 
tion of 0.25 m histidine hydrochloride, adjusted to pH 7.1 with NaOH), 
The final pH should be approximately 6.7. Ethanol at 0° is added at 
about 10 ml. per ninute with efficient mechanical stirring to 56.6 per cent. 
The mixture, me.intained? at 0°, is stirred for 1 hour and centrifuged at 200 
X g for 15 minutes. Ethanol is added to the supernatant liquid to a final 
concentration of 65 per cent calculated on the basis of Fraction IV. The 
mixture is tnaintained at 0° with stirring, and the precipitate is collected as 
before. ‘or purposes of the succeeding fractionation the ethanol is esti- 
mated to be 65 per cent of the weight of the precipitate. 

The precipitate is dissolved in 0.005 m histidine hydrochloride, pH 95 
(final volume to be 4.0 to 4.5 per cent of the volume of Fraction I when the 
following additions are made). A small amount of insoluble material is 
removed by centrifugation. The supernatant liquid is then brought to 
0.02 m NaCl (by addition of 2 m NaCl, without regard to the NaCl intro 
duced with the neutralized histidine buffer) and 0.005 m ZnAcz (by add- 
tion of 0.5 m ZnAcs, pH 6), and the final pH is carefully adjusted to 700 
‘ with a small amount of 1 Nn NaOH added slowly from a capillary pipette 
with strirring to avoid precipitation of Zn(OH)s. Ethanol at 0° is then 
added to a concentration of 36 per cent (the amount of ethanol originally 
introduced with the precipitate from the MnAc,2-EtOH step is considered). 
After an hour of stirring at 0°, the precipitate is centrifuged and redissolved 
in cold 0.05 mM ammonium citrate, pH 9.0 (final volume 1.5 to 2 per cent of 
Fraction I). The solution is dialyzed against 1 liter of 0.05 m ammonium 
. citrate for 5 to 6 hours with stirring and then against two changes of I4 
liters of 1.7 X 10-* m NH,OH for 36 hours at about 3°. A trace of pre 
cipitate formed in the dialysis bag is centrifuged to obtain a clear, colorless 
solution. The preparation at this stage is usually 85 to 98 per cent pure 
(46 to 52 units per mg.), and the yields are fairly good (45 to 70 per cent); 


2 A striking effect of temperature on the fractionation is observable, and tempera- 
ture control at 0° is important. 
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if lyophilization is desired, one should substitute 0.01 m glycine-NaOH 
buffer, pH 9.0, for the weakly ammoniacal solution used for the above 
dialysis. ‘The lyophilized powder appears to be quite stable if kept cold. 
Crystallization and Recrystallization of Fraction V—The solution is di- 
luted with 1.7 * 10-* Mm NH,OH to a protein concentration of 20 to 30 mg. 


per ml. and, with efficient stirring at 0°, is slowly brought to 56 per cent 


ethanol. The final concentration of NH,OH is brought to 3.0 K 10-* m 
by the addition of 5m NH,OH. The solution in a small Erlenmeyer flask 
is covered with Parafilm and allowed to stand at —10° with occasional 
opening and swirling of the flask. Apparently crystallization is induced 
as the result of absorption of CO?.* However, if the NH,OH concentra- 
tion drops too low, much amorphous precipitate will form which may be 
redissolved by addition of a trace amount of 5m NH,OH. Sometimes a 
small amount of amorphous denatured protein forms and must be centri- 
fuged before crystallization occurs. Without seeding, crystallization may 
take 2 weeks. The protein crystallizes in the form of masses of large elon- 
gated needles which may usually be seen with the naked eye (see Fig. 1). 
Seed crystals may be kept in the ammoniacal ethanol (tightly stoppered) 
for about 3 months at —10°, after which they begin to deteriorate. 

The crystals are collected at —10° by centrifugation for 1 hour at 2000 
X g or preferably > hour at 15,000 X g and washed with 60 per cent EtOH 
containing 0.003 m NH,OH (volume = Fraction V) at —10° and recentri- 
fuged as before. The crystals are then dissolved in 0.003 m NH,OH up to 
about 70 per cent of the volume of Fraction V. Any insoluble material is 
separated by centrifugation, and the alcohol and NH,OH are added to 56 
per cent and 3 X 10-* M, respectively, account being taken of the 60 per 
cent alcohol retained in the precipitate and the amount of NH,OH used 
for dissolution. Recrystallization at —10° is hastened by seeding from 
the first crop. 

After complete crystallization the product is collected and washed, dis- 
solved in 0.01 m glycine, pH 9.0, and dialyzed against the same buffer at 
about 3°. The protein solution is stable in concentrated solution (3 to 
5 per cent) for several weeks in the refrigerator. If desired, it may be 
lyophilized or placed in the cold room at —10°; a 5 per cent protein solu- 
tion will not readily freeze at this temperature. 

Table I summarizes the results of a typical preparation by Procedure A. 
(The definition of a unit and analytical methods are described later.) The 
activity of Fraction I has been corrected for the small amount of ATPase 
and myokinase activities which interfere with the assay system. These 
interfering enzymes are largely removed in Fraction II, and the final prep- 


*The crystals were originally prepared in a room in which dry ice was stored. 
It has been found necessary to expose the solution to CQ2 in order to obtain 


crystals. 
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aration is free of Mg**t- or Cat+-activated ATPase and myokinase and 
does not hydrolyze ADP or Cr ~ P. The initial heat treatment results ip 
practically no loss of enzymatic activity and in 80 to 95 per cent extraction 
of the enzyme into Fraction I. Over-all yields have ranged from 40 to 
60 per cent with purification from Fraction I of 11- to 18-fold. In praeti. 
cally all cases, the final specific activity was found to be within the range, 
50 to 54 units per mg. Thus the enzyme is present in relatively high con. 
centrations in rabbit muscle, approximately 1.5 per cent of the muscle pro. 
tein, and by this procedure may be isolated in fairly good yields (averaging 
about 1.5 gm. of recrystallized product per kilo of muscle). 


TABLE I 


Fractionation of ATP-Creatine Transphosphorylase by Procedure A 
Initially, 1.0 kilo of rabbit skeletal muscle. 


Fraction No. Total protein Total units Units per mg. Purification Yield 

mg per cent 
I | 42,900 (207 ,000 ) (4.8) (1.0) (100.0) 

II 10,060 183 , 400 18.2 3.79 88.8 

III 4,890 152,400 31.2 6.51 73.8 

IV 2,870 113,000 39.5 8.23 54.6 

V 1,990 95 , 800 48.2 10.1 46.3 

Crystals 1,680 89,100 53 11.1 43.1 
Recrystallized en- 1,535 82,800 54 11.2 40.0 

zyme | ! 
Procedure B 


Fraction I—Procedure A is followed except that the ground muscle is 
homogenized for 3 minutes per batch with a total of 2 liters of 0.01 m KCl 
. per kilo of ground muscle and, instead of heat treatment, the thick homogen- 
ate is gently stirred for 15 minutes in the cold room before draining and 
squeezing through cheese-cloth. 

Fraction II—Solid NH,Cl is added to Fraction I to a concentration of 
0.10 m, and the pH is brought to 9.0 with 5 m NH,OH. After stirring } 
hour in an ice bath to allow complete precipitation of inorganic salts (pri- 
marily MgNH,PO,), 1.5 volumes of cold ethanol are added. After stir- 
ring 23 hours at 20° the denatured protein and salts are removed by cen- 
trifuging 3 hour at 1000 X g, and the clear, pale yellow solution is retained. 

Fraction IITT—2.0 m MgSO, (pH 8.5) are added, with stirring, to a 
concentration of 0.03 m, and cold 95 per cent ethanol (1.5 X the volume 
of 2 m MgSO, used) is added. After stirring for } hour at 20° the precipi- 
tate is collected by centrifugation. The precipitate is twice thoroughly 
resuspended and extracted at 0° with 0.07 m MgAco, pH 9.0, in volumes 
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equal to 6 per cent and 4 per cent of the volume of Fraction I. Each time 
the insoluble portion is separated at 2000 X g for 20 minutes. The exact 
volumes of 0.07 m MgAcz used for extraction and of the combined extracts 
gre noted for the purpose of calculating the amount of alcohol in the ex- 


tract. 

Fraction IV—To Fraction III (0° and pH 8), cold ethanol is slowly added 
with stirring to 36 per cent. After 3} hour at 0° the precipitate is removed 
by centrifuging at 2000 X g for 20 minutes. Ethanol is added to the clear 
supernatant solution to a final concentration of 50 per cent and, after 3 
hour at 0°, the precipitate is collected. The precipitate is dissolved in 30 
to 50 ml. of 0.05 M ammonium citrate, pH 9, and dialyzed and crystallized 
asin Procedure A. 


TABLE II 


Fractionation of ATP-Creatine Transphosphorylase by Procedure B 
Initially, 1.0 kilo of rabbit skeletal muscle. 


- 


Fraction No. Total protein Total units Units per mg. Purification Yield 
ta mg. per cent 
I 40 ,000 (189 ,000) (4.73) (1.0) (100.0) 

II 9,050 179,000 19.8 4.18 94.7 

III 3,250 143 ,000 44.0 9.31 75.7 

IV 2,970 138 ,000 46.5 9.84 73.1 
Crystals 2,480 129 ,000 52.0 11.0 68 .2 
Reerystallized en- 2,150 112,500 52.3 11.1 59.5 

zyme 


The results for a typical preparation by Procedure B are shown in Table 
II. Over-all yields of recrystallized enzyme range from 55 to 80 per cent 
and final specific activities from 5U ‘o 54 units per mg. The yields are 
unusually high and at Fraction IV range from 70 to 95 per cent, with an 
activity of 45 to 50 units per mg. | 


Anclytical Methods 


Creatine phosphate was measured by a slight modification of the method 
of Fiske and Subbarow (4), with the procedure of King (18) for the colori- 
metric determination of inorganic phosphate. The conditions are as fol- 
lows: An aliquot, usually 2 ml., of the reaction mixture (described below) 
is pipetted directly into calibrated Evelyn tubes containing 1.0 ml. of 5 
per cent (N H,)sMo70%-4H.0, 0.8 ml. of 60 per cent HCIO,, and distilled 
water to bring the total volume to 9.6 ml. No deproteinization is neces- 
sary since the amount of protein in the reaction mixture (0.2 y to 4 mg. 
per ml.) is too low to interfere. After standing exactly 30 minutes at room 
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temperature (average about 23°), 0.4 ml. of reducing agent is added. After 
exactly 10 minutes for color development, the inorganic phosphate is de. 
termined with the Beckman B spectrophotometer (660 my) equipped to 
handle Evelyn tubes. The zero time aliquot is used to correct for any 
inorganic phosphate present in the ATP sample and the small amount of 
phosphate liberated from ATP by the acid molybdate.‘ 

ATPase in the initial fraction was assayed by incubating the enzyme 
with ATP, but without creatine. The inorganic phosphate liberated was 
determined without the prior 30 minute treatment. (In Fraction II of 
either Procedure A or B, the ATPase and myokinase have been essentially 
eliminated.) Myokinase activity was determined by simply substituting 
ADP for ATP in the reaction mixture (see below). It is evident that un- 
less satisfactory corrections are made for the two interfering enzymes in 
Fraction I, myokinase and ATPase, apparently high Cr ~ P results will 
be obtained. The net result of myokinase activity is an increase in ATP 
concentration, resulting in higher velocities of the transphosphorylase-cata- 
lyzed reaction, since the conditions routinely used for assay do not yield 
maximal velocities. Moreover, the myokinase removes one of the inhibi- 
tory products (ADP) from the system. 

Protein determinations were made by the colorimetric biuret procedure 
of Gornall et al. (20) or by the dry weight determinations of dialyzed salt- 
free enzyme samples. The latter were used to standardize the biuret pro- 
cedure used routinely. 


Determination of Enzymatic Activity 


Throughout the concentration ranges of ATP, Cr, and Mgt+ that have 
been investigated, the enzymatic catalysis does not follow good zero order 
or first order kinetics. The enzymatic activity may be determined from 
the extrapolated initial velocity under conditions approaching maximal 
velocity (0.004 m ATP, 0.004 m MgSO,, 0.024 m creatine, 0.096 m glycine- 


4 Creatine phosphate is hydrolyzed quantitatively in the specified time (30 min- 
utes in acid molybdate + 10 minutes color development) as checked against pure 
samples of crystalline creatine phosphate prepared by a modification of the proce- 
dure of Ennor and Stocken (19). The time must be rigorously controlled so that one 
may precisely correct for the hydrolysis of ATP (or ADP) in the acid molybdate, 
although the hydrolysis of ATP and ADP is relatively slow compared to that of 
Cr ~ P (about 3 to 4 per cent hydrolysis for ATP and about 0.7 to 1 per cent for 
ADP at an average room temperature of 23°). Use of the zero time aliquot to correct 
for the ATP and ADP hydrolysis in the acid molybdate actually results in 4 
slight overcorrection of the measured Cr ~ P, since, under these conditions, ADP 
hydrolyzes only about one-fourth as fast as ATP. However, even after 50 per cent 
transfer of the terminal P of ATP to creatine, the overcorrection does not amount to 
more than about 3 per cent, which is within the desired experimental accuracy of 5 
per cent for routine assay purposes. 
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NaOH buffer, pH 9.0; 30°), since under these conditions the reaction is 
frst order with respect to the enzyme (17). However, for routine frac- 
tionation, determinations of the initial velocities proved to be somewhat 
tedious, and a more empirical, but reliable, method for following the en- 
rymatic activity was devised. 

The reaction mixture, expressed on a 10.0 ml. basis, consisted of the fol- 
lowing: 0.080 m creatine, 3.0 ml., final molarity, 0.024; 0.100 m MgSO,, 
0.6 ml., final molarity, 0.006; 0.005 m ATP (Na*), 2.0 ml., final molarity, | 
0.001; 0.400 m glycine (Nat), pH 9.0, 2.4 ml., final molarity, 0.096 (in- 
cluding the glycine introduced with the enzyme); enzyme, 2.0 ml. (di- 
luted in 0.001 m glycine, pH 9). 

Stock solutions of MgSO, and glycine buffer were prepared and stored 
at 3°. The stock solution of creatine was stored at room temperature to 
prevent crystallization. For convenience, a stock reaction mixture of crea- 
tine, MgSO,, and glycine was usually prepared from their respective stock 
solutions and stored at 3°. Frequently, activity measurements were made 
on 5 ml. total reaction volumes, rather than 10 ml. Small amounts (10 


i- | ml.) of 2 0.05 m ATP solution (prepared from Pabst Na,H,ATP-4H,0 and 


neutralized by the addition of 2 equivalents of NaOH) were stored at 3° 
for no longer than 1 week and diluted 1:10 just before use. All reagents 
not otherwise specified were of analytical grade, creatine hydrate was of 
Eastman white label grade, and only glass-distilled deionized water was 
used. 
The reaction mixture (containing the ATP) was equilibrated in a 30° 
bath; the enzyme was then added at its required dilution (1:5000 to 
1:125,000, depending upon the fraction and protein concentration; dilu- 
tion made with 0.001 m glycine, pH 9, just before use), and a 2.0 ml. zero 
time aliquot (removed within 20 seconds after addition of the enzyme) 
was pipetted directly into the acid molybdate. Succeeding aliquots were 
similarly removed at desired times (usually 5, 10, and 15 minutes for 10 
ml. reaction volumes and 0 and 10 minutes for 5 ml. reaction volumes), 
and the Cr ~ P was determined as above. 

Under these particular conditions, the reaction follows an apparent sec- 
ond order kinetics with respect to ATP. The empirical rate equation may 
be simply expressed as dz/dt = kKE[ATP]?[Cr]®; setting KE = k’; .. dz/dt 
= k’{(ATP]?, which integrates to k’t = x/a(a — x), where a is the initial 
concentration of ATP, x the amount disappearing in time ¢ (equal to the 
amount of Cr ~ P formed), and E the enzyme concentration. With the 
concentration scale in micromoles per ml., time scale in minutes, and set- 
tinga = 1.0 wm per ml., k’t = x/(1 — x). A plot of x/(1 — 2x) versus t 
should be linear with a slope proportional to k’ (7.e., proportional to the 
enzyme concentration); this holds, as is shown in Fig. 2, up to 40 to 50 per 
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cent of equilibrium (about 80 per cent transfer is possible under these ¢op. 
ditions). 

1 unit of enzyme is defined as that amount of enzyme per ml. of reaction 
mixture which will catalyze the transphosphorolytic reaction between 
0.001 m ATP and 0.024 M creatine in the presence of 0.006 m MgSO, at 
pH 9.0 (glycine buffer), 30°, and yield an apparent second order velocity 
constant, k’ (defined above), equal to 1.0 ml. per um per minute. The de. 
termination of k’ must of course be restricted to the apparent second order 


portion of the reaction (usually when k’ is in the range 0.015 to 0.025), }: 


LO T T T T T T T T 


TIME (MIN) 


Fig. 2. Enzyme-catalyzed transphosphorolytic reaction expressed empirically as 
a second order reaction with respect to ATP. The conditions and concentrations of 
the reaction mixture components are described in the text. The enzyme preparation 
was Fraction II of Procedure A; specific activity, 21 units per mg. 2 = micromoles 
of Cr~ P per ml. of reaction mixture; the time is in minutes. A value of z/(1—2)2 
0.6 is approximately 40 to 50 per cent of equilibrium. Curve A, 1.0 X enzyme, 
k’ = 0.0194; Curve B, 2.8 X enzyme, k’ = 0.0533; Curve C, 8.5 & enzyme, k’ = 0.168. 


For routine purposes, three measurements are usually made within the ap- 
parent second order range; the k’ values are calculated individually, then 
averaged, and the units per ml. of the enzyme preparation determined. 
When familiarity is gained with the activity and protein concentration of 
each fraction, dilutions can be made so that a 2.0 ml. zero time and 10 
minute aliquots are sufficient. The precision is often very good (2 to 3 
per cent), and the over-all accuracy is usually about 5 per cent. The 
specific activity is expressed in units per mg. of protein. 

Two interesting reasons for the apparently anomalous enzyme kinetics 
may be appropriately described here, although this will be made clearer 
in a succeeding paper (17). The stoichiometry of the reaction is 


1 mole ATP + 1 mole Cr > 1 mole ADP + 1 mole Cr ~ P 
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However, because of a severe product inhibition (17) of this highly rever- 
ible system and an inhibition (17) of the reaction (about 20 per cent) at 
ihe ratio of Mgt++/ATP = 6.0, the rate of change of the reaction curve with 
time tends to slope off rapidly, giving rise to the empirical rate expression 
described above. 


SUMMARY 


Two methods are described for the isolation, in good yields, of crystalline 
\TP-creatine transphosphorylase from rabbit skeletal muscle. 
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ADENOSINETRIPHOSPHATE-CREATINE 
TRANSPHOSPHORYLASE 


Il. HOMOGENEITY AND PHYSICOCHEMICAL PROPERTIES* 


By LAFAYETTE NODA, STEPHEN A. KUBY, anp 
HENRY A. LARDY 


(From the Institute for Enzyme Research and the Department of Biochemistry, 
College of Agriculture, University of Wisconsin, Madison, Wisconsin) 


(Received for publication, October 14, 1953) 


In Paper I (1) of this series, methods of isolation of the crystalline en- 
zyme, ATP!-creatine transphosphorylase, were described. A fairly rig- 
orous investigation of the homogeneity of the enzyme has been made. 
Coincident with this work, several physical and chemical properties of the 
protein were determined. 


Homogeneity Studies 


Electrophoretic Studies—The protein was analyzed by electrophoresis at 
pH values from 5.5 to 10, in acetate, phosphate, Veronal, and glycine buf- 
fers. Ionic strengths of 0.05 and 0.1 and protein concentrations from 
about 7 to 15 mg. per ml. were used. Under all conditions only a sin- 
gle, symmetrical peak was obtained. Typical electrophoresis patterns are 
shown in Fig. 1. Pertinent electrophoretic data are presented in Table 
I; the isoelectric point is at pH 6.0 to 6.1. 

Sedimentation Studies—The results of two sedimentation velocity runs 
are shown in Fig. 2. Under these conditions, the protein sediments as a 
single, well defined component, with an 829, value of 5.0 K 10-" second 
(not extrapolated to zero protein concentration). 

Solubility Analysis—Because of the high solubility of the enzyme in most 
salt solutions, the solvent selected for this study was aqueous alcohol con- 
taming MgAcz to reduce its solubility. In Fig. 3, it can be seen that the 
protein satisfies the phase rule criterion of a single component with unit 
slope up to the point of saturation, followed by a constant solubility of 1.27 
+ 0.04 mg. per ml. (at 2.2°). 

Diffusion-—Measurements of the diffusion, based on the relative spac- 


* Supported in part by grants from the United States Public Health Service, the 
Life Insurance Medical Research Fund, and the Office of Naval Research. 

'The following abbreviations are used: ATP, adenosinetriphosphate; ADP, 
adenosinediphosphate; AMP, adenosinemonophosphate; Cr ~ P, creatine phos- 
phate; Cr, creatine. 

? The relative fringe deviation, Q; (2), which indicates the degree of homogeneity, 
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ings of the fringe patterns obtained with the interferometric Gouy diffyg. 
ometer (2), showed the protein to be homogeneous within the error of meas. 
urement. 

Miscellaneous Criteria of Purity—Various different protein fractionation 
techniques were employed in an attempt to purify the protein further 
Thus far, no greater purification could be obtained by the following 
techniques. (1) Solvent fractionation (acetone, ethanol) with variation 
of ionic strength, salt species, pH, temperature, protein concentration 
(2) Adsorption and elution. The adsorbents tried included Aluming 
Cy, Cas(PO,)2, Mg(OH)2, Zn(OH)2, BaSO,, calcium and barium ATP. 
denatured enzyme, Dowex 2 anion exchanger, with variation of pH, ionic 
strength, and protein concentration. Eluents tried included phosphate 


pH 5.50 [72 O10 


pH 898 


Fig. 1. Electrophoresis patterns of recrystallized enzyme. The runs were made 
at a protein concentration of about 1.5 per cent for 180 minutes. The bases of the 
arrows indicate the approximate starting position. The buffers used were acetate, 
pH 5.50, phosphate, pH 7.23, and glycine, pH 8.98. Other runs at various pH values 
(see Table I) also indicated no contaminating protein. 


buffer, MgSO,, (NH,)2SO,, and several neutral salts at various pH 
values. (3) Salt fractionation. (NH ,)2S0O,, NasSO.,, MgSO,, potassium 


changed during the experiment, preventing the calculation of an average fringe de- 
viation diagram. This change with time, which was accompanied by an increase of 
about 1 part in 300 in the observed value of D, may have been due to some denatura- 
tion. (In another experiment, the enzyme, in the same buffer, standing at room 
temperature for 56 hours lost about 30 per cent of its activity.) However, after 12 
hours dialysis at 25° and 200 minutes diffusion at 25°, Qmax. Was only 8 X 10~4, indicat- 
ing still smaller deviations at the start of the experiment. For comparison, a value 
of 8.5 X 1074 for Qmax. Was previously obtained for crystallized bovine plasma al- 
bumin (2). 
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hate, ammonium citrate at various pH and protein concentrations. 
(4) Fractional thermal denaturation; in presence of salts and buffers, phos- 
phate, (NH4)2SOs, and ethanol at various temperatures, ionic strengths, 
pH values, and protein concentrations. (5) Heavy metal precipitation; 


TABLE I 
Electrophoretic Mobility As Function of pH 


| | | Mobility x 105 
r Field (descending 
Buffer | pH — strength, boundary) 
: volts per cm. | sq. cm. per volt 
| per sec. 
8.75 0.1 6.60 —2.18 
5.50 0.1 5.37 +1.88 
Glycine. ... 9.80 0.05 6.38 (| —3.44 
7.30 0.05 6.88 —1.69 


Phosphate. 


— 
4 


A-5 

Fic. 2. Sedimentation velocity patterns. Exposures A-1 to A-5 represent a sin- 
gle run on twice crystallized protein. Sedimentation was in a cell of 12 mm. optical 
path proceeding to the right at 32 minute intervals, 59,780 r.p.m., and average rotor 
temperature, 6.0°; phosphate buffer, pH 7.15; '/2 = 0.1; protein concentration, 8.04 
mg. per ml. Exposure B was from a run in a cell of 4 mm. optical path at 59,780 
r.p.m. after 128 minutes and average rotor temperature, 6.4°; phosphate buffer, pH 
6.60; r/2 = 0.1; enzyme concentration 13.9 mg. per ml.; specific activity 53.4 units 


per mg. 
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Batt, Znt+, Cu**+, with variation of pH. (6) CHCl;-gel liquid adsorptioy 
(Sevag et al. (3)). (7) Precipitation by yeast ribose nucleic acid (4, 5) 
and by phosvitin, the egg yolk phosphoprotein, at various pH values, 

The protein has been found to be free of the following enzymatic actiyj. 
ties: Cat+- and Mg*+-activated ATPase, myokinase, fructokinase, hexo. 
kinase, and phosphatase activity with ADP, Cr ~ P, adenosine-2’., 3’., 
and 5’-phosphates, and 6-glycerophosphate as substrates (thus far, assays 
have been made only for these enzymes). 

Thus, the protein has withstood all of the criteria of homogeneity to 
which it has been subjected. 


@] io 20 30 40 50 60 7.0 
TOTAL PROTEIN CONCENTRATION(Mg /ml) 

Fic. 3. Solubility of twice crystallized enzyme. Solvent, 60 volumes per cent of 


95 per cent EtOH, 0.02 m MgAcze, 0.01 m glycine, pH 9, at 2.2°. Protein determined 
by absorption at 280 my in Beckman DU spectrophotometer. 


Chemical Analyses 


The protein has been found to contain 17.0 per cent nitrogen (ash-free 
basis), 0.11 per cent ash, and approximately 0.01 per cent phosphorus 
(which possibly is only a contaminant present even after exhaustive dialy- 
sis). 

The enzyme displays a typical ultraviolet absorption spectrum for pro- 
tein, with a single maximum at 280 my (at pH 7.0, phosphate buffer, and 
pH 9.8, glycine buffer). The extinction values are recorded in Table II. 
The ratio of extinctions at 280 mu/260 my = 1.85 at pH 7.0 and at pH 
9.8, indicating essentially no nucleic acid and no bound nucleotides. 


Determination of Molecular Weight 
To determine the molecular weight by sedimentation and diffusion, the 
following data were obtained. 
As described above, the s29,, value, referred to the conventional refer- 
ence state, was established at 5.0 X 10— second from measurements made 
at pH 7.15 and an average rotor temperature of 6°. 
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The diffusion constant was kindly determined by Professor Louis J. 
Gosting, using the interferometric Gouy diffusiometer method (2) at 25° 
(protein concentration = 9.86 mg. per ml.; glycine buffer, pH 9.0, ionic 
strength 0.1; the enzyme had been dialyzed 12 hours at 1° and 12 hours 
at 25° against the buffer). Correcting to 20° and water, with the measured 
relative viscosity of the buffer, 1.114, yielded Doo. 5.78 X 10-7 sq. cm. 
per second calculated by the area-maximal height method. Coincident 


TABLE II 
Physical and Chemical Properties 


Isoelectric point 

Sedimentation constant, Soo, 

Diffusion constant, Deo,» 

Refractive index increment, (An/Ac), 25°, 
ford = 5460.7 X 10-* cm., glycine buffer, 
pH 9.0, ionic strength 0.1 

Mol. wt., M,.p 

Apparent specific volume, V 20° 


Vee 


Frictional ratio, f/fo 

Nitrogen content (ash-free) 

Ash content 

Total phosphorus content 

Extinction coefficient, Ei? (280 mu, pH 
7.0, phosphate buffer) 

Extinction coefficient, (280 mu, pH 
7.0, phosphate buffer) 

Extinction coefficient, E\2 (280 mu, pH 
9.8, glycine buffer) 

Extinction coefficient, E,,,); (280 my, pH 
9.8, glycine buffer) 


pH 6.0-6.1 

5.0 X sec. 

5.78 X 10°77 sq. cm. per sec. 
1.731 10-3 (gm. per 100 ml.)~! 


8.1 X 104 

15.0 mg. per ml.-0.742 ce. per gm. 
1.28 

17.0% 

0.11‘ 

~0.01% 

8.9 


7.3 X 104 
8.7 


7.1 X 104 


with the diffusion measurement, the refractive index increment An/Ac was 


determined for the mercury green line. 


(See Table IT.) 


In addition, a determination of the apparent partial specific volume of 
the protein was made at 2° and 20° as a function of protein concentration. 


The values are recorded in Table II. 


From the above data, s2,.. = 5.0 X 10-* second, Do.» = 5.78 X 
10 sq. cm. per second, and V39o = 0.743 cc. per gm., and calculated in 
the usual manner, a molecular weight (M,.p) of 8.15 X 104 is obtained. 

The above data also yield a Value for the f rictional ratio (f/fo) equal to 
1.28. This rather low ratio is indicative of a molecule with approximately 
45:1 ratio of the major to minor axes of an assumed unhydrated ellipsoid. 
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Table II summarizes all the pertinent chemical and physical propertig 
that have been determined. 


EXPERIMENTAL 


_ Recrystallized ATP-creatine transphosphorylase was prepared by the 
methods described in Paper I (1). For most of the work, preparations ob. 
tained by Procedure A were used. No differences were observed with 
preparations obtained by Procedure B. 

The electrophoretic studies were conducted in a Klett type electrophoresis 
apparatus,’ with Alberty type electrophoresis cells for all measurements, 
The typical patterns presented in Fig. 1 represent unretouched photo 
graphic plates. The protein solution (12 to 15 ml.) was dialyzed with 
stirring of the buffer and bag contents against 1 liter of the appropriate 
buffer at about 3° for at least 24 hours, with two changes of buffer. Con. 
ductivity measurements were made on the equilibrated buffer; pH deter. 
minations, by glass electrode at 1.1°, were made on both the protein and 
equilibrated buffer solutions, which usually agreed within experimental er. 
ror. 

Mobilities were calculated in the usual manner (6, 7) from enlargement 
free-hand tracings. 

Sedimentation velocity runs were conducted in a Spinco model E ultracen- 
trifuge‘ at an average rotor temperature of 6°. Protein solutions dialyzed 
as for the electrophoresis runs were used. The sedimentation constant was 
calculated in the conventional manner (8, 9), referred to the reference 
states of water at 20°; the physical constants employed in the calculations 
were taken from Svedberg and Pedersen (8). The values of V@ used in 
the calculations of M,,p are presented in Table II. 

— Solubility Studies—The solubility curve illustrated in Fig. 3 was ob- 
’ tained in 60 volumes per cent of 95 per cent ethyl alcohol, 0.02 m magne- 
sium acetate, and 0.01 m glycine buffer, pH 9, at 2.2°. Mixtures contain- 
ing increasing concentrations of enzyme were prepared by pipetting (1) 3 
ml. of 95 per cent alcohol, (2) 1 ml. of a solution containing 0.1 m magne- 
sium acetate and 0.04 m glycine, pH 9, (3) from 0.02 to 0.6 ml. of an 
enzyme preparation in 0.01 m glycine, pH 9, containing 53.0 mg. of pro- 
tein per ml., and (4) an amount of 0.01 m glycine, pH 9, to give a total ad- 
ditive volume of 5 ml. After thorough mixing an aliquot was removed 


3 We are indebted to Professor A. Swanson and Dr. B. Johnson of the Dairy In- 
dustry Department, University of Wisconsin, for making their instrument avail- 
able to us and for their helpful advice. 

4 We wish to thank Professor P. P. Cohen and Professor H. Deutsch, Department 
of Physiological Chemistry, University of Wisconsin, for very kindly making their 
ultracentrifuge available. 
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and suitably diluted for reading the optical density at 280 my in a Beck- 
man DU spectrophotometer to calculate the total protein concentration. 

Individual vials (11 X 35 mm.) containing a glass bead were completely 
filled with the protein mixtures and sealed with a polyethylene-lined cap 
over which was placed Parafilm secured by a rubber band. Precautions 
were taken to minimize air bubbles. For equilibration the vials were at- 
tached to the spokes of a small, slowly turned, motor-driven wheel im- 
mersed in a 2° bath. After 2 hours (previously determined to be sufficient 
time to reach equilibrium), vials were centrifuged at 15,000 r.p.m. for 20 
minutes in Lustroid tubes containing 4.5 ml. of water in the No. 40 ro- 
tor of the Spinco model L. Rotor and Lustroid tubes were previously 
temperature-equilibrated in the 2° bath. During centrifugation the tem- 
perature of the water in the Lustroid tubes rose only about 0.1°. The 
optical density of the clear supernatant fluid at 280 my was used as a 
measure of the soluble protein. 

Chemical Analysis and Ultraviolet Absorption—The enzyme solution used 
for the chemical analysis was dialyzed for approximately 48 hours at 3° 
against two changes of 300 volumes of distilled water neutralized to pH 
8 with NaOH. 

Determinations of total solids were made by drying aliquots (60 to 100 
mg.) in tared porcelain crucibles to constant weight in a vacuum oven at 
70-80°. . Weighings were made to the nearest 0.01 mg. on a micro balance. 
Ash was determined on these dried samples by igniting in a double porcelain 
crucible over a Meker burner. The ash and dry weights were corrected for 
the alkali introduced in the dialysis solutions by a control dry weight and 
ashing on the dialysis medium. 

Nitrogen was determined by the semimicro-Kjeldahl method described 
by Hiller et al. (10) with a mercuric oxide catalyst and a modified Parnas 
distillation apparatus. 

Total phosphorus was determined by a modification of King’s procedure 
(11) with perchloric acid for wet ashing of approximately 20 mg. samples of 
protein. Phosphorus was measured colorimetrically to the nearest 0.05 +. 

Ultraviolet absorption measurements were made in 0.01 m phosphate 
buffer, pH 7, and in 0.01 m glycine buffer, pH 9.8, with a Beckman DU 
quartz spectrophotometer. 

Apparent Partial Specific Volume—Density was determined in 3.5 and 
14.5 ml. capacity pycnometers blown from Pyrex glass in the manner de- 
scribed by Anderson (12). Baths at 2.0° and 20.0° + 0.05° were used for 


equilibration of the pycnometer, and weighings of the filled, temperature- 
equilibrated pycnometers were carried out on an analytical balance to the 
nearest 0.1 mg. The values were reproducible to 0.3 mg. for the small 
pycnometer and 0.7 mg. for the large pycnometer. 


Protein concentration 


by the 
ons ob- 
d with 
horesis 
ments. 
photo- 
1 with 
priate 
Con- 
deter. 
n and 
tal er- 
ement 
racen- 
alyzed 
t was | 
rence 
ations 
sed in 
ob- 
agne- 
tain- 
(1) 3 
agne- 
of an 
pro- 
al ad- 
y In- 
avail- 
their 


210 ATP-CREATINE TRANSPHOSPHORYLASE. II 


was determined by its absorption at 280 my with the extinction coefficient 
as determined above. The apparent partial specific volume was calculated 
according to Kraemer ((8) p. 57 ff.). 


SUMMARY 


1. Crystalline ATP-creatine transphosphorylase has been shown to gat. 
isfy the following criteria of homogeneity: electrophoresis, sedimentation, 
solubility, diffusion, resistance to further fractionation, and enzymatic pur. 
ity. 

2. The physical and chemical properties of the protein which have been 
determined include electrophoretic mobilities under a variety of conditions 
isoelectric point, 820,u, D20.., V200, V20, nitrogen and ash content, 
and ultraviolet extinction coefficients. 


We wish to thank Professor Louis J. Gosting for the Gouy diffusiometer 
measurements and for very kindly reviewing the manuscript. 
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THE METABOLISM OF METHYLATED AMINOAZO DYES 
IV. DIETARY FACTORS ENHANCING DEMETHYLATION IN VITRO* 


By R. R. BROWN, J. A. MILLER, anv E. C. MILLER 


(From the McArdle Memorial Laboratory, Medical School, University of 
Wisconsin, Madison, Wisconsin) 


(Received for publication, January 18, 1954) 


At least one N-methyl group is required for the carcinogenic activity of 
4-dimethylaminoazobenzene and related dyes in the liver of the rat (4). 
These N-methyl groups are readily metabolized both in vivo (1, 3, 5, 6) 
and in vitro (2). With 3-methyl-4-monomethylaminoazobenzene (3-meth- 
yl-MAB) as the substrate in a rat liver homogenate system, Mueller and 
Miller (2) were able to account quantitatively for the substrate disap- 
pearing as 3-methyl-4-aminoazobenzene (3-methyl-AB) and formaldehyde. 
This substrate was used since the 3-methyl group prevents the enzymatic 
reduction of the azo linkage and thus isolates the N-demethylation reac- 
tion for study. 

In continuing the studies on this system it was observed that the ability 
of rat liver homogenates to N-demethylate 3-methyl-MAB depended on 
the nature of the diet fed. Similar and more striking effects were found 
with mouse liver homogenates. Thus the livers of mice fed a commercial 
dog chow had twice the demethylation activity of those from mice fed 
grain or purified diets. From the present data it appears that the factors 
present in various active natural products are peroxides, probably derived 
from sterols, which are formed during processing and storage. A number 
of peroxidized sterols, pure cyclic peroxides, and pure polycyclic aromatic 
hydrocarbons were also active at low levels in a purified diet. 


Methods 


Weanling albino rats,! three to six in a group, were fed the experimental 
diets for 2 to 3 weeks. Weanling albino mice? were first depleted for 1 
week on a purified diet low in activity. The composition of the purified 


* This investigation was supported by institutional grants from the American 
Cancer Society and the Alexander and Margaret Stewart Trust Fund and grants-in- 
aid from the National Cancer Institute and the American Cancer Society upon rec- 
ommendation by the National Research Council. For previous papers of this series 
see Miller et al. (1-3). 

‘Holtzman Rat Company, Madison, Wisconsin. 

* Arthur Sutter, Springfield, Missouri. 
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diet? per kilo was as follows: vitamin-low casein, 220 gm.; glucose mono. 
hydrate, 672 gm.; corn oil, 50 gm.; salt mixture (7), 45 gm.; L-cystine, 5 
gm.; choline chloride, 4 gm.; inositol, 2 gm.; ascorbic acid, 1 gm.; pereo. 
morph liver oil, 300 mg.; a-tocopherol, 300 mg.; p-aminobenzoie acid, 10) 
mg.; calcium pantothenate, 60 mg.; nicotinic acid, 40 mg.; 2-methyl-1 ,4 
naphthoquinone, 20 mg.; riboflavin, 12 mg.; thiamine chloride, 6 mg.; pyri- 
doxine hydrochloride, 6 mg.; folic acid, 2 mg.; biotin, 0.3 mg.; and vitamin 
Bie, 0.02 mg. The mice were then fed, in groups of six, the various diets 
under test for 1 week. The test materials were added to the purified diet 
at the expense of glucose. The hydrocarbons, sterols, and oxidized prep- 
arations were dissolved in peroxide-free ether and dried on the diets at 
room temperature. All diets were made up weekly and stored at 5°. A 
commercial dog chow diet‘ and a grain diet® were also fed to some animals, 
All diets were fed ad libitum; each assay always included one group fed the 
purified diet and a group on a diet known to stimulate demethylation ae. 
tivity. 

For assay the animals were decapitated, and the livers were excised and 
chilled in ice-cold isotonic KCl. 10 per cent homogenates were prepared 
in this same medium from single rat livers or pools of three mouse livers. 
Male mice were used for most of the assays, and the data refer to them un- 
less other animals are specified. Each homogenate was assayed in dupli- 
cate. The assay medium was that described earlier (2), except that the 
3-methyl-MAB (150 y) was added in 0.1 ml. of methanol. 30 mg. of 
mouse liver or 50 mg. of rat liver were used per flask. At the termination 
of the incubation (mouse liver, 20 minutes; rat liver, 30 minutes) the dyes 
were extracted, and the 3-methyl-MAB and 3-methyl-AB were separated 
by chromatography (2). The quantity of 3-methyl-AB formed (expressed 
as micrograms per 30 mg. of liver per 20 minutes)® was used routinely as 
.the measure of the amount of demethylation which had occurred. Oc- 
casionally the 3-methyl-MAB was also determined, and in these cases the 
total dye recovered was at least 95 per cent of that added. 

For the oxidized sterol preparations 3.5 gm. of sterol were dissolved in 
55 ml. of glacial acetic acid, 5.2 ml. of 30 per cent hydrogen peroxide were 
added, and the solution was heated at 90° for 3 hours. The solution was 


The water-soluble vitamins were generously supplied by Merck and Company 
through the courtesy of Dr. Elmer Alpert. 

4 Friskies, Carnation Company, Milwaukee, Wisconsin. Similar results were ob- 
tained with Purina laboratory chow and Archer-Daniels-Midland dog food. None 
of these chows was stored in the laboratory for more than 2 months before use. 

6 Ground yellow corn, 68; linseed oil meal, 16; powdered skim milk, 12; alfalfa 
leaf meal, 2; corn oil, 0.96; NaCl (iodized), 0.5; Ca3(PO,)2, 0.5; percomorph oil, 0.04. 

¢ This is justified since the reaction is linear with respect to both time and ho- 
mogenate concentration in the ranges used. 
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then distilled in vacuo at 35-50°, and the last traces of acetic acid were 
removed by adding ethanol and redistilling to dryness. For the fatty 
acid peroxides, thin layers of the fatty acids were exposed to air and sun- 
light for 3 weeks; the peroxide numbers were then determined (8) and the 
diets prepared. The 9,10-dimethyl-1,2-benzanthracene photooxide was 
prepared according to the method of Cook e¢ al. (9), the ergosterol perox- 
ide by the method of Windaus and Brunken (10), and the dihydrocholes- 
terol and dihydrocholesterol acetate according to Nace (11). 


Results 


Adequacy of Assay System for Mouse Liver Homogenates—Preliminary 
studies showed that the system used for rat livers (2) also gave maximal 
activity with mouse liver homogenates and that fortification with triphos- 
phopyridine nucleotide, diphosphopyridine nucleotide, glucose-1 ,6-diphos- 
phate, and Mg** was necessary. 

Preliminary Studies—The livers of male mice fed the chow diet had twice 
the demethylation activity of those from mice fed the grain or purified 
diets; with male rats the activity was 25 to 35 per cent greater when the 
chow diet was fed (Table I). The livers of female rats and mice fed these 
diets had approximately only one-half to two-thirds the activity of those 
from the male animals. 

Activities similar to those obtained with the chow diet were found when 
various crude materials, such as tryptone, certain liver preparations, or | 
erude aged cholesterol, were added to the purified diet at levels of 2 to 10 
per cent (Table II). On the other hand, most of the crude materials tested 
and a large number of pure compounds did not stimulate the demethyla- 
tion activity of mouse liver. The inactive crude materials and the highest 
level tested included fresh lyophilized hog liver, 10 per cent; fresh lyophil- 
ized hog brain, 10 per cent; fresh lyophilized bovine spinal cord, 10 per 
cent; raw cream, 10 per cent; powdered dry whole milk, 30 per cent; fresh 
whole milk, 100 per cent; ash of 1:20 liver powder, equivalent to 20 per 
eent of the original material; dried meat powder, 2.5 per cent; and bile 
solids, 2 per cent. Various antibiotics, nucleic acid derivatives, amino 
acids, amines, and the known pure vitamins and growth factors were also 
inactive. The materials and levels tested are detailed in a thesis by Brown 
(12). 

The livers of rats fed folic acid-, riboflavin-, or vitamin B,-deficient 
diets (1) for 8, 4 to 10, or 4 weeks had approximately the same activity as 
did those of rats fed these same diets supplemented with 2 mg., 10 mg., or 
0 y, respectively, of these vitamins per kilo of diet. 

Assay of three crude sources of the factor at various levels showed that 
with mouse liver the response to any one material was nearly linear, al- 


mono- 

ine, 5 
perco- 
d, 10 
‘1-14. 
Pyn- 
tamin 
diets | 

diet 

prep. 
ets at 
A 
imals. 
ed the 
ac- 
d and 
pared 
ivers. 

un- 
dupli- 
it, the | 
g. of 

ation 

dyes 
rated 
essed 
ly as 

Oc- 
s the 
ed in 
were 
1 was 
npany 
re ob- 
None 
Ifalfa 
0.04. 
d ho- 
UM 
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TABLE I the 
Demethylation Activity of Liver from Rats and Mice Fed Various Diets sen 
Diet Time Sex No. of animals} —_Activity® fac 
for 
wks. ere 
Rat Purified 2-3 M. 13 13 +2 
Grain 2-3 5 14 +1] 
Chow 2-3 “ 10 18 + 3 
Purified 3 F. 6 7+1 
Chow 3 6 12 +1 
Mouse Purified 1 M. 85 
Grain 1 " 11 27 +4 > 
Chow 1 48 4944 95 
Purified 1 F. 12 20 + 3 - 
Chow 1 6 32 +2 
* Expressed as micrograms of 3-methyl-AB produced by 30 mg. of tissue in 9 
minutes. The values are the means + standard deviation. 
TABLE II 
Stimulation of Mouse Liver Demethylation System by Certain Crude Materials 6 
Dietary supplement Level Activity* 
per cent 
Whole dried liver (Wilson).................. 10 52 ] 
Liver powder (Wilson, 1:20)................ 7 47 tive 
Parenteral liver extract (Lilly’s Reticulogen) . 3 41 live 
Dried distiller’s solublesf.................. 10 35 AB 
Cholesterol, crude, aged{.................. 2 46 loge 
10 57 the 
' Casein, digested with pancreatin and auto- val 
10 48 poi 
extract (Bacto)... 10 33 in 2 
* 
Expressed as micrograms of 3-methyl-AB produced by 30 mg. of tissue in 2 . 
minutes. Each figure is the average for at least two pools of three mouse livers each. e 
Tt Kindly supplied by Dr. J. A. Marvel of Joseph E.. Seagram and Sons. tiv 
t The Wilson Laboratories; stored in our laboratory in a closed (light-tight) can rec 
for about 10 years. by 
§ Vitamin-low casein incubated 96 hours at 37° with 10 per cent of its weight of reg 
pancreatin, autoclaved 15 minutes at 15 pounds pressure, and distilled in vacuo to4 Th 
small volume. Casein which was untreated, digested but not autoclaved, or auto- ! 
claved and then digested was inactive. Pancreatin alone had no activity before in- (ch 
cubation or after incubation and autoclaving. act 
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though the slopes of the curves differed somewhat (Fig. 1). Fig. 2 repre- 
sents the response to alternate addition and withdrawal of a source of the 
factor (tryptone) from the diet. While there was no appreciable storage 
for longer than 1 week, the response to a change in diet appeared to de- 
crease as the experiment progressed. Other studies showed that the maxi- 


ryptone 
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Fic. 2 


Fia. 1 

Fic. 1. The demethylation activity of the livers of mice fed various levels of ac- 
tive materals in the purified diet for 1 week. The average of two pools of three mouse 
livers each is shown at each point. Activity expressed as micrograms of 3-methyl- 
AB formed by 30 mg. of liver in 20 minutes. Liver extract refers to Lilly’s Reticu- 


Fic. 2. The demethylation activity of the livers of mice fed the purified diet and 
the purified diet plus 6 per cent tryptone (7’) for alternate periods of 1 week. The 
values for two pools of three mouse livers each and their average are shown at each 
point. Activity expressed as micrograms of 3-methyl-AB formed by 30 mg. of liver 
in 20 minutes. 


mal response to the addition or withdrawal of active material was always 
obtained within 7 days and frequently in 3 to 5 days. 

Sterols—A sample of crude aged cholesterol was active in mice at rela- 
tively low levels, but after recrystallization was inactive; the activity was 
recovered in the mother liquor (Table III). Similarly, cholesterol obtained 
by conversion of the crude aged material to the dibromide and subsequent 
regeneration (13) and fresh crude preparations of cholesterol were inactive. 
The other sterols tested were inactive. However, each sterol studied 
(cholesterol, dihydrocholesterol, ergosterol, sitosterols) was converted to 
active material by oxidation with hydrogen peroxide. Two non-sterol alco- 
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hols, myristyl alcohol and cyclohexanol, were not activated by hydrogen 
peroxide oxidation. 

Peroxides—The pure peroxides, 9, 10-dimethy]-1 ,2-benzanthracene pho- 
tooxide, ascaridole, and pinane hydroperoxide were active in mice when 


TABLE III 
Demethylation Activity of Livers from Mice Fed Various Sterol Preparations 
Activity* 
Dietary supplement Level 
Untreated Oxidized 
per cent 
None 23 
Cholesterol, crude, aged 1 44 
2 46 
After recrystallization from ethanol 0.1 27 35 
1.0 23 58 
2.0 25 59 
Mother liquor, equivalent to 2.0 42 
treated with digitonin, 2.0 42 
equivalent to 
After conversion to dibromide and re- 1.0 25 55 
generation 
Cholesterol, crude, freshf 1.0 29 67 
- acetate 1.0 25 65 
Dihydrocholesterol 0.1 25 30 
1.0 25 59 
“4 acetate 1.0 21 36 
Ergosterol 1.0 20 71 
Mixed sitosterols 1.0 18 53 
Cholestenonef{ 2.0 23 


* Expressed as micrograms of 3-methyl-AB formed by 30 mg. of liver in 20 minutes. 
‘Each figure represents at least two pools of three mouse livers each. 

t Average for three different preparations, each of which was fed to six mice. 
Furnished by Dr. David Klein of The Wilson Laboratories. 

t Generously supplied by Dr. A. L. Wilds, Department of Chemistry, University 
of Wisconsin. 


fed at levels of 0.01 to 0.2 per cent (Table IV). On the other hand, a 
number of other: peroxides (fatty acid peroxides, di-tert-butyl peroxide, er- 
gosterol peroxide, di-tert-butyl hydroperoxide, tert-butyl] peracetate, meth- 
ylamy] ketone peroxide) did not stimulate the demethylation activity when 
fed at levels of 0.1 to 2 per cent. No correlation was obtained between 
the activity of a diet and its peroxide number. Of interest was the obser- 
vation that the chow diet had a peroxide number as high as that of a diet 
containing 1.4 per cent oxidized linseed oil. 
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Hydrocarbons—The findings that the photooxide of 9,10-dimethy]-1 ,2- 
benzanthracene stimulated the demethylation activity and that induction 
of liver tumors in rats by 3’-methyl-4-dimethylaminoazobenzene is greatly 
inhibited by the simultaneous administration of certain polycylic aromatic 
hydrocarbons (14, 15) suggested that these hydrocarbons might be active 


TABLE IV 
Demethylation Activity of Livers from Mice Fed Various Perozides 
Dietary supplement Level Activity* a 
9, 10. 0Dimethyl- 1,2-benzanthracene pho- 
Pinane hydroperoxidef................. 0.2 50 
Benzoy] peroxide........................ 0.1 22 
Ergosterol peroxide.................... 0.1 24 
Di-tert-butyl peroxide.................. 0.2 27 
tert-Butyl hydroperoxide............... 0.2 26 
Methylamyl ketone peroxide............ 0.2 26 
Vinyl cyclohexene diepoxidef............ 0.2 19 
Hydrogen peroxide...................... 1.0§ 38 
ethyl linoleate . 0.3 21 6.0 
Crude aged cholesterol................. 2.0 40 6.0 


* Expressed as micrograms of 3-methyl-AB formed by 30 mg. of liver in 20 minutes. 
Each figure represents at least two pools of three mouse livers each. 

t Generously supplied by Dr. E. L. Patton of the Naval Stores Station, Olustee, 
Florida. 

t Kindly supplied by Dr. C. Heidelberger of this department. 

§ In drinking water. 


inthis system. As shown in Table V, 20-methylcholanthrene, pyrene, 1 ,2- 
benzanthracene, and phenanthrene were active when fed to mice at levels 
of 0.05 to 0.1 per cent, but not at levels of 0.01 per cent. 9,10-Dimethyl- 
1,2-benzanthracene was not active at a level of 0.05 per cent and was too 
toxic to test at higher levels. Unlike its hydroperoxide, pinane was in- 
active. The activities of 20-methylcholanthrene and phenanthrene were 
not increased by hydrogen peroxide oxidation. 

Route of Administration—20-Methylcholanthrene administered daily by 
intraperitoneal injection to mice was at least as effective as an equal 
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amount given in the diet (Table VI). Application of the same amount 
the shaved skin or by subcutaneous injection caused little or no stimulation 
of the demethylation activity. Absorption from the site of application was 


probably the limiting factor in the latter cases. 
TABLE V 
Demethylation Activity of Livers from Mice Fed Various Hydrocarbons 
Dietary supplement Level Activity® 
per cent 

20-Methylcholanthrene..................... 0.01 26 
0.01 23 
9,10-Dimethyl-1,2-benzanthracene......... 0.01 25 


* Expressed as micrograms of 3-methyl-AB formed by 30 mg. of liver in 20 min- 
utes. Each figure represents at least two pools of three mouse livers each. 

t The mice lost considerable body weight and had ascites. 7 

t Kindly supplied by Dr. E. L. Patton of the Naval Stores Station, Olustee, 
Florida. 


TaBLeE VI 
Demethylation Activity of Livers from Mice Given 20-Methylcholanthrene by Various 
Routes 
Activity® 

2 mg. per day subcutaneously in corn oil................ 29 
2“ jntraperitoneally in corn oil............... 46 
2‘ * * on skin of restricted micef................ 26 


* Expressed as micrograms of 3-methyl-AB formed by 30 mg. of liver in 20 min- 
utes. Each figure represents at least two pools of three mouse livers each. All mice 
were fed the purified diet. 

t A benzene solution was dropped on the shaved backs. The restricted mice were 
kept in the cages described by Heidelberger and Weiss (16). 


tion 
was 
and 
but 
0-1 
obti 
mic 
per 
Nor 
C 
Pin 
Che 
ute 
ob 
bu 
sit 
yl 
dit 
ge 
WI 
th 
Wi 
m 


ount on 
ulation 
10N Wag 


mice 


R. R. BROWN, J..A. MILLER, AND E. C. MILLER 219 


Assays with Rats—Several materials active in stimulating the demethyla- 
tion system of mouse liver were also tested in weanling male rats. Pyrene 
was inactive in the rat. Pinane hydroperoxide, crude aged cholesterol, 
and the chow diet each stimulated the activity of rat liver (Table VII), 
but the responses were lower than with mouse liver. On the other hand, 
0-methylcholanthrene was at least as effective in rats as in mice. 

Additions in Vitro—In contrast to the results in vivo, no stimulation was 
obtained by the addition of various factors to homogenates of livers from 
mice fed the purified diet. The materials tested and the amounts added 
per 30 mg. of homogenate were as follows: ascaridole, 0.2 mg.; 20-meth- 


TaBLeE VII 
Demethylation Activity of Livers from Rats Fed Various Diets 
Dietary supplement Level Activity* 
per cent 

Crude aged cholesterol..................... 2.0 12 
Pinane hydroperoxide. ..................... 0.2 15 
0.05 20 


* Expressed as micrograms of 3-methyl-AB formed by 30 mg. of liver in 20 min- 
utes. Each figure is the average for three rats run individually. These data were 
obtained about 18 months after those of Table I. The activities are somewhat lower, 
but the difference between the livers from rats fed the purified and chow diets is 


ylcholanthrene, 0.25 and 1 mg.; pinane hydroperoxide, 1 and 3 mg.; 9, 10- 
dimethyl-1 ,2-benzanthracene photooxide, 0.25 and 1 mg.; and Reticulo- 
gen, 0.05 and 0.5 ml. These materials also failed to stimulate the system 
when they were incubated with the liver for 30 minutes at 37° prior to 
the addition of the remainder of the reaction medium. Inhibitions of 
up to 70 per cent were observed when pinane hydroperoxide or Reticulogen 
was added to the system; almost complete inhibition was obtained when 1 
mg. of pinane hydroperoxide was preincubated with the homogenate for 
30 minutes. 

Growth and Reproduction on Various Diets—Preliminary studies indicated 
no significant differences in the growth rates of rats or mice fed diets per- 
mitting maintenance of low or high levels of demethylation activity. 
Thus, groups of six weanling male rats fed the purified or chow diets gained 
72 and 69 gm. in a 2 week period; the gains for female rats were 61 and 60 
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gm. Groups of six weanling male mice fed the purified diet, the purified 
diet plus 6 per cent tryptone, or the chow diet gained 11, 11, and 10 gy, 
over a 9 day period. 

The chow and tryptone diets permitted somewhat better reproduction 
and lactation (Table VIII), but further experiments with pure compounds 
would be necessary to determine whether the enhanced performance was 
due to the same factors stimulating the demethylation system or to othe 
materials present in these crude diets. 


TABLE VIII 


Reproduction and Lactation of Mice on Diets Which Permit High and Low Levels of 
Demethylation Activity* 


Purified diet | | Chow diet 

No. of females started...................... 17 20 19 

Average No. of young per litter............ 8.2 8.8 9.6 

ve ‘¢ weaned at 21 days........... 3.9 4.2 5.6 

7 weight of young at 21 days, gm.... 11.6 11.8 11.0 
No. of females exhibiting cannibalism...... 4 5 1 


* All mice were obtained as weanlings and raised on the respective diets for 82 
days before mating. Females were left in the mating cages until obviously pregnant 
or for 7 weeks and were then isolated in solid bottom cages with wood shavings. All 
litters were reduced to six mice 1 week after birth. 


DISCUSSION 


Among the pure compounds tested only certain peroxides and hydro- 
carbons stimulated the demethylation system. From the data it appears 
‘that one condition for activity is that the peroxide or hydroperoxide be 
attached to a cyclic radical; however, not all peroxides of this type were 
active. Possibly the non-cyclic peroxides and hydroperoxides, including 
the preparations of oxidized unsaturated fatty acid esters, and the inac- 
tive cyclic peroxides do not possess the proper stability (or instability) for 
activity. Of the polycyclic hydrocarbons studied, pinane and 9, 10-di- 
methyl-1,2-benzanthracene did not stimulate the system, while 20-meth- 
ylcholanthrene, 1 ,2-benzanthracene, pyrene, and phenanthrene did. The 
group of active hydrocarbons comprises both carcinogenic and non-car- 
cinogenic compounds, and hence their activity in this system does not 
appear to be related to their carcinogenic activity. It is possible that the 
latter compounds are active through conversion, before or after absorption, 
to peroxides. As far as we are aware, this is the first reported effect of a 
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dietary peroxide or polycyclic aromatic hydrocarbon on the activity of an 
intracellular enzyme system. That the diets noted here may enhance 
metabolic reactions other than those directly related to this demethylation 
system is indicated by the data in the accompanying paper (17), in which 
similar stimulations were noted for an enzyme that is involved in cyto- 
chrome c reduction. A third hepatic enzyme system for which similar 
dietary effects were noted is that required for the reduction of the azo 
linkage of 4-dimethylaminoazobenzene.’ It is not clear whether these ef- 
fects are examples of adaptive enzyme formation, direct activation, or in- 
direct activation through inhibition of a competitive system. 

It seems likely that the various crude tissue derivatives which were 
stimulatory owe their activity to the presence of peroxides and hydroperox- 
ides of sterols formed during processing or storage. Presumably these 
could be generated by coupled oxidations whenever unsaturated fats or 
other constituents undergo oxidation. A variety of fresh animal tissues 
and derivatives were inactive. High or low levels of dietary a-tocopherol 
did not affect the level of demethylation activity or its increase by these 
dietary factors. 

The presence of these factors in certain treated and stored foodstuffs and 
derivatives, chiefly of animal origin, poses at least two problems in nutri- 
tio. Are these substances harmful in the diet? And to what extent do 
they influence experiments, particularly those involving enzyme assays, in 
which the animals are fed commercial chows or purified diets plus materials 
such as a liver powder? Such diets are often chosen on the basis that they 
are “natural” or “complete.” In certain specific respects, of course, these 
diets may be superior to the best purified diet that can be formulated, but 
it appears from the present work that they are often “unnatural” in that 
they contain factors which are apparently generated during processing or 
storage. Whether or not these factors are harmful in the diet cannot be 
decided from the present work. At least they do not appear to have a del- 
eterious effect on growth, reproduction, and lactation in the mouse. The 
effects of the chronic administration of these factors would be of interest. 


SUMMARY 


The activity of an enzyme system in mouse and rat liver which N-de- 
methylates 3-methyl-4-monomethylaminoazobenzene has been found to de- 
pend on the nature of the diet. The lowest activity occurred when a 
grain or purified diet was fed. The activity of mouse liver approximately 
doubled when any of several commercial chows was fed; the activity of rat 
liver increased about 30 per cent. The factor was also contained in a 
number of aged or otherwise treated animal products, such as an old choles- 


TR.R. Brown, J. A. Miller, E. C. Miller, and A. H. Conney, unpublished. 
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terol preparation, liver extracts, and peptones. A variety of pure sterols 
were inactive, but could be made active by peroxidation. Furthermore, 
certain pure cyclic organic peroxides (ascaridole, pinane hydroperoxide, 
and 9,10-dimethyl-1 ,2-benzanthracene photooxide) and several aromatic 
hydrocarbons (20-methylcholanthrene, 1,2-benzanthracene, pyrene, and 
phenanthrene) were active at low levels. A number of other peroxides, 
including fatty acid peroxides, and other hydrocarbons were inactive. 
None of the substances active in the diet was active in vitro. The present 
evidence indicates that the factors present in the various crude tissue de- 
rivatives are not present in fresh tissues, but are generated, probably from 
sterols, during processing and storage. 
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EFFECT OF DIET ON THE ANTIMYCIN TITER OF MOUSE 
LIVER* 


By ARNOLD E. REIF, R. R. BROWN, VAN R. POTTER, E. C. MILLER, 
AND J. A. MILLER 


(From the McArdle Memorial Laboratory, Medical School, University of 
Wisconsin, Madison, Wisconsin) 


(Received for publication, January 18, 1954) 


Potter and Reif (1-3) have reported a method for estimating the tissue 
level of a hydrogen transport component essential for the oxidation of the 
tricarboxylic acid cycle and for certain other oxidations. The method 
consists of measuring the quantity of a specific inhibitor, antimycin A, 
required to produce 50 per cent inhibition of the succinoxidase activity of 
a unit weight of tissue; this quantity is the “antimycin titer” of the tissue. 

Brown, Miller, and Miller (4) found that various dietary peroxides and 
hydrocarbons will stimulate the oxidative N-demethylation of 3-methyl-4- 
monomethylaminoazobenzene to 3-methyl-4-aminoazobenzene (3-methyl- 
AB) by fortified liver homogenates. The present paper shows that some 
of these dietary conditions also cause an increase in the antimycin titer of 
mouse liver. 


EXPERIMENTAL 


The weanling mice! or rats? were maintained on a purified diet (4) for at 
least 7 days, and then two groups of three animals each were fed each test 
diet. 7 days later, the animals were killed, and a single water homogenate 
was prepared from the pooled livers from each group of animals. Assays 
for the determination of the antimycin titer (1-3) and demethylation ac- 
tivity (4, 5) were carried out as described previously.’ In the determina- 
tion of the antimycin titer, the time between pipetting the homogenates 
into the Warburg flasks and the start of the oxygen uptake readings was 
kept constant in order to standardize the effect produced by the continuous 
destruction of antimycin A by mouse liver homogenates (1). The oxygen 
uptake readings for the first 30 minutes were averaged in all experiments. 
A control group of three animals, fed continuously on the purified diet, 


* This investigation was supported by grants from the National Cancer Institute, 
United States Public Health Service, and institutional grants from the American 
Cancer Society and the Alexander and Margaret Stewart Trust Fund. 

1 Arthur Sutter, Springfield, Missouri. 

* Holtzman Rat Company, Madison, Wisconsin. 

*Livers homogenized in either water or isotonic KCl have the same demethyla- 
tion activity. 
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TABLE [ was 
Effect of Dietary Supplements on Demethylation Activity, Antimycin Titer, and ma 
Succinoxzidase Activity of Liver Homogenates from Male Mice 
Demethylation | Antimycin titer | 
Diet; Supplement® to Dietary 
No. purified diet level | ments 3- Ratio, sup- Ratio, sup- Ratio, sup. live 
Methyl-| plement | Titert |_plement_|Activity§| 
ABT | purified purified purified” yla 
per cent thi 
1| None 15 | 22.3!) 1.00 | 3.04! 1.00 | 86.5**| 1.0 | 
2| Commercial dog/100 2 |42.8| 1.92 |7.8 | 2.60 | 90.8 | 1.05 | tt 
chow det 
3 | Crude aged 2.0 2 | 46.5] 2.08 {11.3 3.76 | 82.0 | 0.95 ter 
cholesterol int 
4] Oxidized dihy- | 1.0 2 | 49.0] 2.20 /|13.0 4.33 | 83.4 | 0.96 
drocholesterol (D 
5| Whole dried |10.0 | 2 | 52.3| 2.34 | 4.2 | 1.40 [100.0 | 1.16 Mi 
liver all 
6 | 20-Methylchol- | 0.05 3 | 42.2}; 1.89 | 3.8 1.27 | 91.5 1.06 die 
anthrene inc 
7|9,10-Dimethyl- | 0.02 3 | 38.4] 1.72 | 4.1 1.37 | 88.5 1.02 i. 
1, 2-benzan- 
thracene fer 
photooxide 
8 | Whole dried 3.0 2 |} 25.9] 1.16 | 3.4 1.13 | 91.7 1.06 ca 
yeast pu 
9 | Whole dried 10.0 2 | 23.4] 1.05 | 2.7 0.90 | 85.3 0.99 of 
yeast 
10| 9,10-Dimethyl- | 0.02} 2 | 25.2| 1.13 | 2.6 | 0.87 | 83.3 | 0.968 | % 
1, 2-benzan- di 
thracene 
11 | Ergosterol 0.1 1 | 20.5} 0.92 | 3.2 1.07 | 92.7 1.07 
12 va per- | 0.02 2 | 23.0] 1.03 | 2.6 0.87 | 91.6 1.06 
oxide 
13 | tert-Butyl alco- | 0.2 | 1 | 22.6] 1.01 |3.0 | 1.00 | 96.7 | 1.12 & 
hol fo 
14] Di-tert-buty] 0.1 2 | 20.6; 0.92 | 2.6 0.87 | 92.6 1.07 m 
peroxide fe 
15| Dihydrocholes- | 1.0 2 | 18.0] 0.81 | 2.6 0.87 | 81.1 0.94 (1 
terol 
16 | Cortisone 0.005| 3 |12.2| 0.55 |3.0 | 1.00 | 79.6 | 0.92 : 
* Described more fully in the accompanying paper (4). iY 
t Micrograms of 3-methyl-AB per 30 mg. of liver per 20 minutes at 37°. di 
t Micrograms of antimycin A per gm. of liver at 50 per cent inhibition of suc- 4 
cinoxidase activity at 38°. 
§ Microliters of O2 per mg. of dry weight of liver per hour, measured at 38°. 
|| Range, 18.8 to 26.1; standard deviation, 2.2. 
J Range, 2.0 to 4.0; standard deviation, 0.5. ds 
** Range, 79.3 to 94.5; standard deviation, 6.5. 
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was included in each assay, except on two occasions, when groups of ani- 
mals fed diets not affecting either system were used as controls. 


Results 


Table I lists the antimycin titers and demethylation activities of the 
livers of mice fed sixteen different diets in the order of decreasing demeth- 
ylation activity. It can be seen that the results fall into three groups: 
three dietary supplements (Diets 2, 3, and 4, Table 1) with which the rise 
in demethylation activity was accompanied by a marked rise in antimycin 
titer, three dietary supplements (Diets 5, 6, and 7) with which the rise in 
demethylation activity was accompanied by a slight rise in antimycin ti- 
ter, and eight dietary supplements (Diets 8 to 15) which caused little or no 
increase in either demethylation activity or antimycin titer. Cortisone 
(Diet 16) inhibited the demethylation system by nearly 50 per cent, but 
did not alter the antimycin titer. Table I further shows that the over- 
all succinoxidase activity of mouse liver homogenates is unaffected by the 
dietary supplements investigated. Preliminary experiments with Diet 4 
indicated that the antimycin titer and demethylation activity rose at simi- 
lar rates and were nearly maximal only 2 days after the mice were trans- 
ferred from the purified to the supplemented diet. 

Exploratory experiments with male and female rats also showed signifi- 
cant correlations between the two enzyme systems. Male rats fed the 
purified diet had a demethylation activity’ of 13.3 and an antimycin titer® 
of 2.8, as compared to activities of 16.0 and 5.9, respectively, for male rats 
fed the commercial dog chow. The figures for female rats for these two 
diets were, respectively, 6.8 and 3.0, compared to 13.0 and 5.2. 


DISCUSSION 


The antimycin titer has been taken as a measure of a yet unidentified 
electron transport component of the succinoxidase system that is required 
foreytochrome c reduction in this system (1-3). However, in working with 
mouse liver homogenates, the relative value of the antimycin titer is af- 
fected by the rate at which antimycin A is inactivated by the homogenate 
(1). The graphical method of Potter and Reif (1) may be used to evaluate 
the rate at which antimycin A is inactivated, as well as the antimycin titer 
that would have obtained in the absence of inactivation of antimycin A. 
When the data were plotted in this manner, it was found that “active” 
dietary supplements increased both the rate of inactivation of antimycin 
A and the antimycin titer. The conditions of the experiments were ar- 


‘Micrograms of 3-methyl-AB formed per 30 mg. of liver per 20 minutes at 37°. 
*Micrograms of antimycin A per =. of liver at 50 per cent inhibition of succinoxi- 
dase activity at 38°. 
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ranged so as to minimize the time during which destruction could take 
place, and the values reported were obtained directly, without extrapola. 
tion to zero time. In further work, this phenomenon might well be ey. 
plored, since it may represent another enzyme system that is affected by 
the dietary factors studied herein. 

The demethylation activity measures a relatively complex enzymatic 
detoxification mechanism, for previous work has shown that enzymes jn 
both the particulate and soluble fractions of mouse liver are necessary (5), 
There is also evidence that the enzyme inhibited by antimycin A is pres. 
ent in both particulate and soluble fractions. Some interrelation between 
the enzymatic properties measured by these two assay systems may well 
exist. However, elucidation of this interrelationship must await the more 
exact characterization of the enzymatic components of these two systems, 

The data clearly establish that the antimycin titer of mouse liver is de. 
pendent on the diet fed and that certain purified rations permit the main- 
tenance of only low antimycin titers, while certain supplements are capable 
of producing marked elevations in the antimycin titer. Since the latter 
appears to measure a component that is ordinarily not limiting in the suc- 
cinoxidase system, the diets have very little effect on the succinoxidase 
Qo,, but can be shown to affect the antimycin titer. Since the alterations 
in the latter reach a magnitude of as much as a 4-fold increase with a spe- 
cific supplement (oxidized dihydrocholesterol, Table I) and since the rate 
experiments showed that this response was nearly maximal within 2 days, 
there is an interesting problem of whether this increase has physiological 
significance either as an instance of adaptive enzyme formation or as an 
enzyme variation conditioned by the availability of an essential metabolite. 


SUMMARY 


1. Several peroxides when used as dietary supplements have been shown 
to increase antimycin titers of liver homogenates from male mice. 

2. There appears to be some interrelation between this effect and the 
effect which these dietary factors have in increasing the rate at which 3- 
methyl-4-monomethylaminoazobenzene is demethylated by the same ho- 
mogenates. 
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By DONALD WILSON, ANN BEYER, CHARLES BISHOP, anp 
JOHN H. TALBOTT 


(From the Chronic Disease Research Institute of the University of Buffalo and the 
Buffalo General Hospital, Buffalo, New York) 


(Received for publication, December 28, 1953) 


It has long been recognized that the ingestion of food rich in nucleopro- 
tein is followed by an increased excretion of urinary uric acid. To esti- 
mate this effect, various early investigators determined the mean daily 
urinary uric acid excretion and then added known quantities of these 
yarious foods to the diet. The amounts of “extra” uric acid excreted 
during the test periods were then related to the types and amounts of the 
test foods. An objection to this kind of experiment is that the rate of 
excretion of urinary uric acid is variable from hour to hour and from day 
to day, and hence the base-line of excretion cannot be established with a 
high degree of certainty. With the advent of the isotope technique, it is 
possible to feed isotopically labeled compounds and to measure the amount 
of labeled uric acid derived from them. 

The present study was designed to measure in the human the amount 
of urinary uric acid that was derived from a purine-rich food. Yeast 
nucleic acid was selected because of its ease of preparation and its relatively 
definite composition. Roll, Brown, Di Carlo, and Schultz (1) have fed 
similar N'*-labeled yeast nucleic acid to rats and have found that 27 per 
cent of the isolated allantoin was derived from the nucleic acid adminis- 
tered. In that study the yeast nucleic acid fed to rats did not serve as a 
precursor of nucleic acid purines to any great extent, although it did for 
the pyrimidines. After hydrolysis (to nucleotides) the nucleic acid, when 
injected intraperitoneally, did serve as a precursor to a greater extent, 
particularly for the purines. When uric acid per se was ingested by the 
human, it was found by Geren, Bendich, Bodansky, and Brown (2) that 
only 9 per cent of the dose was excreted as urinary uric acid. The present 
study suggests that ingested yeast nucleic acid is rapidly converted to uric 
acid and excreted as such, but that not all the ingested purine can be ac- 
counted for in this way. 


* The expenses of this study were defrayed in part by grants from the National 
Institutes of Health, Bethesda, Maryland, and the Buffalo Chapter of the Arthritis 
and Rheumatism Foundation. 
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TaBLeE I 
Urinary N'* Excretion in Gouty Subject (G. S.) after Ingestion of N5-Yeast 
Nucleic Acid 
of Urea-N'5 Ammonia-N'5 Uric acid-N'5 
(3) 
days < mu Ni mu Nis mu Nis ma 
0.165 0.004 0.0038 0.005 0.0003 tra 
0.311 0.007 0.0049 ao 0.159 0.0097 
0.467 0.011 0.0123 0.008 0.0006 
0.648 0.010 0.0081 0.003 0.0001 
0.818 0.006 | 0.0086 0.007 
1.012 0.006 0.0073 0.002 0.0002 
1.248 0.0072* | 0.001 
1.474 0.012 0.0197 0.0004* 
1.67 0.007 0.0054 0.010 0.0004 | 0.130! 0.0078 | ™M. 
1.818 0.004 0.0082 0.005 0.0003 D. 
2.040 0.004 0.0033 G. 
2.228 0.000 0.0000 0.110 0.0066 — 
2.398 0.005 0.0045 
2.512 0.006 0.0069 tre 
2.644 0.006 0.0043 0.091 0.0048 
2.824 0.001 0.0011 
3.030 
3.208 0.000 0.0000 
3.373 0.002 0.0024 : 
3.492 0.000 0.0000} 0.074 0.0078 
3.655 0.002 0.0012 
3.808 0.003 0.0034, 
4.832 0.052 0.0066 
5.867 0.037 0.0039 
6.842 0.028 0.0030 
7.835 0.021 0.0018 
8.835 0.016 0.0017 | 
9.863 0.016 0.0016 
10.832 0.014 0.0014 | 
11.825 0.013 0.0015 
12.835 0.005 0.0004 
13.415 0.010 0.0008 
Total.... 0.1126 0.0031 0.0753 a 
The dose was 0.9895 gm. of yeast nucleic acid having 3.454 atom per cent N! excess I 
and 13.07 per cent nitrogen; hence 0.319 mm of N!5 excess. The total purine N* 
(adenine + guanine) = (0.9895) (3.05) (0.03290) + (0.9895) (2.91) (0.03500) = 0.200 : 
mm of N!5 excess. The total purine ring N'5 = 0.200 (4/5) = 0.160 mm of N" excess. V 
The total pyrimidine N' (by difference) = 0.319 — 0.200 = 0.119 mm of N!5 excess. f 
The per cent of ingested purine ring N' excreted as uric acid = 0.0753/0.160 X 100 ! 
= 47 per cent. The approximate per cent of ingested pyrimidine N!5 excreted as 
urea + ammonia (assuming that no urea and ammonia are derived from purines oF 
uric acid) = (0.113 + 0.003)/0.119 X 100 = 97 per cent. Per cent of dose excreted 
= (0.075 + 0.113 + 0.003)/0.319 x 100 = 60 per cent. 
* Estimated. 
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EXPERIMENTAL 


The isotopic yeast nucleic acid used in these studies was kindly prepared 
(3) by Dr. Frederick J. Di Carlo of The Fleischmann Laboratories."| The 
material contained 13.07 per cent nitrogen and had an over-all N'° concen- 
tration of 3.454 atom per cent excess. Purine analysis by the method of 


TABLE II 
Amount of Ingested N‘°-Purine Excreted As Urinary Uric Acid 
Subject Ingested purine* | Uric acid excreted | Per cent excreted 
mM mM N15 
0.162 0.0990 61 


* Based on nitrogen in the ring and on the assumption that the purine ring ni- 
trogen and purine amino nitrogen have the same isotope concentration. 


SUBJECT 
(gouty) 


SUBJECT D.P. 1, 
(normal) 


SUBJECT M.N. 
(normal) 


LOG. uRIC acip N'S CONCENTRATION 


TIME (DAYS) TIME (DAYS) TIME (DAYS) 


Fig. 1. Isotope concentration of urinary uric acid after feeding N'5-yeast nucleic 
acid to two normal and one gouty subject. 


Loring et al. (4) gave values of 3.05 mm of adenine nitrogen and 2.91 mm 
of guanine nitrogen per gm. of nucleic acid. A sample of the nucleic acid 
was hydrolyzed by boiling with 1 Nn H.SOQ, for 1 hour, and adenine and 
guanine were separated according to the method of Levene and Bass (5). 
After the identity and purity of these compounds were demonstrated by 
their ultraviolet absorption spectra, they were analyzed for N™ content. 


‘The authors wish to thank Mr. Robert Light and Dr. Frederick J. Di Carlo of 
The Fleischmann Laboratories, New York, for their generous cooperation. 
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The values were as follows: adenine 3.290 atom per cent excess, guanine 
3.500 atom per cent excess. 

Approximately 1 gm. of the yeast nucleic acid, in gelatin capsules, was 
ingested by three male subjects. Two of them were healthy medical sty. 
dents in the third decade of life, and one subject was a patient 65 years of 
age with non-tophaceous gout who had previously been extensively studied 
in this laboratory. All urine was collected for approximately 2 weeks 
after the ingestion of the labeled nucleic acid. The N' concentration of 
the urinary uric acid was estimated, and the amount of uric acid excreted 
in each period was determined by the isotope dilution procedure as de. 
scribed previously (6). In the case of the gouty subject the total urinary 
urea and its N' concentration were determined by the urease method with 
aeration ((7) p. 822). Ammonia was also determined for certain periods 
((7) p. 828). 


Results 


Table I shows the N' concentration and the output of urinary uric acid, 
urea, and ammonia for the study on the gouty subject, and Table IT shows 
the amount of purine converted to uric acid in all three subjects. Fig. | 
represents the logarithms of the isotope concentration of the urinary uric 
acid plotted against time for all three subjects. 


DISCUSSION 


In this study, the amount of ingested nucleic acid was purposely kept 
small in order that the conditions might be as close to normal as possible. 
For this reason the error involved in calculating the ‘‘extra’”’ uric acid 
excreted after the ingestion of the nucleic acid is so large as to make these 
figures useless or misleading. 

When the logarithm of the isotope concentration of the urinary uric acid 
is plotted against time, as in Fig. 1, a straight line results. This suggests 
that there is a first order reaction which is rate-determining in the conver- 
sion and excretion of ingested nucleic acid as urinary uric acid. Multiply- 
ing the slopes of the three lines by 2.303 to convert to natural logarithms 
gives the reaction constants —0.57, —0.43, and —0.33, respectively, per 
day. Since all these values are rather similar to the so called “turnover 
rate’’ (6) for intravenously injected isotopic uric acid, it seemed important 
to determine those values in the same three subjects. Such studies were 
performed in the usual manner (6), and the results were —0.79, —0.49, 
and —0.44, respectively. These “turnover rates” are typical except for 
the value of —0.49 for subject D. P., which is slightly lower than the usual 
range for normal subjects and just within the gouty range. On inquiring 
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into the matter, we learned that one of this subject’s uncles was afflicted 
with gout. 

It cannot be said that the “turnover rate’ for uric acid derived from 
ingested nucleic acid is identical with the “turnover rate”’ for injected uric 
acid; yet they are quite similar. In each case, the “turnover rate” for 
injected uric acid is a little greater. It seems reasonable to postulate that 
ingested nucleic acid is rapidly converted to uric acid, which then mixes 
with the body uric acid pool and behaves in the same manner as injected 
uric acid. An alternative explanation could involve a precursor with a 
“turnover rate” very similar to that of uric acid, and this possibility cannot 
beexcluded. If the “turnover rate’ of such a hypothetical precursor were 
somewhat different from the uric acid “turnover rate,” but of the same 
order of magnitude, then the lines in Fig. 1 would not be expected to be 
straight. It appears that, in so far as the ability to transform extracellular 
nucleic acid to uric acid is concerned, the normal and the gouty subjects 
behave similarly. They both probably convert it to uric acid promptly. 

The quantitative fate of the ingested nucleic acid can be deduced by 
reference to Table I and the calculations that are appended to it. The 
assumption that pyrimidines cannot be converted to purines is generally 
accepted at present. On this basis and assuming that only the purine ring 
nitrogen is converted to uric acid, 47 per cent of the ingested purine N® 
was excreted by subject G. S. as urinary uric acid. On the other hand 
the excretion of pyrimidine N' as urea and ammonia was virtually com- 
plete if one ignores the possible contribution from purine. These latter 
figures are not available for the other two subjects, but the purine to uric 
acid values for all experiments are noted in Table II. They are all of the 
same order of magnitude, but the subjects are in the same sequence as 
when arranged according to their “turnover rates.” This confirms an 
observation often made in this laboratory; namely, that the recovery of 
injected uric acid is higher when the turnover rate is faster. The actual 
conversion of nucleic acid purine to uric acid is undoubtedly higher than 
that recorded here, since it has already been shown in this laboratory that 
only about 75 per cent of the uric acid that is injected intravenously into 
the normal individual can be recovered as urinary uric acid (8). Ingested 
uric acid was reported to show an even lower recovery (2). In view of 
the data for both the “turnover rate” and the recovery, it is tentatively 
concluded that ingested nucleic acid is rapidly converted to uric acid and 
that the normal and the gouty subjects do not differ significantly in their 
ability to do this. 


The authors wish to thank Mr. Norman Beyer for assistance in the mass 
spectrometer determinations. 
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SUMMARY 


Two normal young male subjects and one elderly male with non-tophs. 
ceous gout each ingested about 1 gm. of yeast nucleic acid labeled with 
N® in both the purine and pyrimidine moieties. The slopes of curves fe 
the excretion of isotopic urinary uric acid were very similar to the ur 
acid .“‘turnover rates’? which were determined separately after the intn. 
venous injection of isotopic uric acid. On the basis of this and the amount 
of purine nitrogen excreted as uric acid, it was concluded that the puring 
of the ingested nucleic acid were rapidly converted to uric acid, or possibly 
to some unknown precursor whose “turnover rate” was very similar to that 
of uric acid. Normal and gouty subjects did not seem to differ significantly 
in their ability to do this. 
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FLAME PHOTOMETRIC DETERMINATION OF ELECTROLYTES 
IN TISSUE AND OF CALCIUM IN SERUM 


By JACK R. DENSON 


(From the Biochemistry Department, Army Medical Research Laboratory, 
Fort Knoz, Kentucky) 


(Received for publication, December 21, 1953) 


The convenience and accuracy of flame photometric methods for the de- 
termination of sodium and potassium in body tissues and fluids suggest the 
desirability of determining other cations such as calcium and magnesium 
in the same sample. While reliable procedures for the determination of 
sodium and potassium have been developed (1, 2), there are apparently no 
satisfactory flame spectrophotometric methods available for the determi- 
nation of calcium and magnesium in tissue. In the following, one flame 
photometric method is described which permits the simultaneous determi- 
nation of calcium, magnesium, sodium, and potassium in tissue, and 
another method is described for determining calcium in blood serum. 


EXPERIMENTAL 


By employing flame spectrophotometric methods, phosphates have been 
found to depress calcium luminosity (3-5). It has been observed here that 
phosphates also decrease the luminosity of magnesium. It is, therefore, 
necessary to remove phosphates in order to obtain reliable analytical data 
for either calcium or magnesium. Fields e¢ al. (3) eliminated this inter- 
ference by coprecipitating the phosphate with iron hydroxide. However, 
this method may entail some losses of calcium and magnesium and is 
rather time-consuming. Several investigators (5, 6) have adjusted the 
phosphate concentration in the standards to that of the unknowns. This 
isnot too satisfactory since it is often difficult to predict the phosphate con- 
centration of the sample to be analyzed. 

In the procedure described here, phosphate interference is eliminated by 
passing the solution to be analyzed through a cation exchange column. 
The anions pass through while the cations are exchanged and are then 
eluted with 6 n HCl. 


Method 


Instrument—A. Beckman model DU spectrophotometer with a model No. 
9200 flame attachment was used. 

Flame Conditions—A hydrogen burner, instead of an acetylene burner, 
was employed because of its low background, especially important in de- 
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termining magnesium. The optimal oxygen pressure is given for each 
burner, but the optimal hydrogen pressure, which gives the maximal emis. 
sion of the light of wave-lengths used, must be determined. For the burner 
used in this investigation, the optimal hydrogen pressure was found to be 
5 pounds per sq. in. 

Wave-Length Setting—It is desirable to use spectrum lines if possible, 
since band intensity is influenced more than line emission by flame tempera. 
ture variations and by the effect of other ions in the solution. The calcium 
and magnesium spectrum lines, 422.7 and 285.2 mu, respectively, have a 
very low intensity and a large flame background even in a 0.1 N solution 
when a standard phototube is used. If a photomultiplier tube is used, 
the 285.2 my line of magnesium becomes usable even though the back- 
ground is large. When this line is used, there are no interferences by 


TABLE I 
Conditions for Estimation of Individual Ions 
; No. of 
Element Phototube Sensitivity 
used 
mu mm. 
Na | 589 Photomultiplier | 0.025 | 1 turn from clockwise limit 4 
K 789 Red 0.3 eee “ counter-clockwise 
limit 
Ca | 554 Photomultiplier | 0.05 ” “ 5 
Mg | 285.2 0.1 5 


sodium and potassium in amounts generally encountered. It is necessary 
to use the calcium 554 my band since the signal for the calcium line is too 
. weak. The sodium and potassium lines, 589 and 768 mu, respectively, 
are very satisfactory. 

Slit Width—The slit width is selected in accordance with the available 
emission intensity and the required resolving power. In general, it may 
be said that the narrowest slit giving adequate readings should be used. 
When a photomultiplier tube is used, it is possible to use narrower slit 
widths, thus giving very good resolving power. 

Sensitivity—When the photomultiplier tube is employed, the sensitivity 
may be regulated not only with the sensitivity knob, but also by changing 
the power passing into the photomultiplier tube. The instrument may be 
modified by placing a selector switch on the power pack for the photomulti- 
plier tube that will allow the use of either four, five, or six of the 90 volt 
batteries in series. A summary of the conditions for estimating individ- 
ual cations is given in Table I. 
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Adsorption Column—aA column of about 10 em. in length, having a capac- 
ity of about 3.5 ml., was packed with analytical grade Amberlite IR-105 
(H) (Rohm and Haas Company). The flow rate in this column was 0.5 
ml. per minute. The column was prepared by washing it with about 15 
ml. of 6 N HCl, followed by 35 ml. of distilled water with a pH of 3.5 to 
40 for the final wash water. Even after the resin was passed through sev- 
eral cycles, more calcium was eluted from the column than was added to the 
sample to be tested. 

In order to determine the additional calcium that will be eluted, a ‘“‘syn- 
thetic” solution of comparable composition to that of the unknown was 
passed through the column prior to the filtration of the unknown. 

A constant amount of additional calcium was eluted when a 100 ml. 
synthetic solution containing at least 0.2 m.eq. per liter of calcium was 
used. The concentration of sodium, potassium, and magnesium was not 
critical as long as the concentration of either sodium or potassium was 
at least 1 m.eq. per liter. The concentration of calcium was increased 
about 0.05 m.eq. per liter. 


Procedure 


A 2 gm. sample of tissue was weighed in a Vycor crucible, dried in a 
vacuum oven at 90° for 16 hours, and weighed to obtain the moisture con- 
tent. The sample was then extracted with 15 ml. of ether for 2 hours at 
0°, reextracted with 10 ml. of ether, dried, and weighed to obtain the dry 
‘fat-free’? weight. The material was then ashed in a furnace at 500° for 
6hours, the ash dissolved in 1 ml. of concentrated HCl, and the solution 
evaporated to dryness. The ash containing the soluble chlorides was taken 
upin 10 ml. of 0.1 N HCl and passed through the column, followed by 15 ml. 
of distilled water, and the absorbed cations were eluted with 15 ml. of 6 N 
HCl, which was collected in a Vycor crucible. The column was then pre- 
pared for the next sample by passing 35 ml. of distilled water through it. 

The eluted sample (in 6 N HCl) was evaporated to dryness, the residue 
was dissolved in 10 ml. of 0.1 N HCl, and the sample then was analyzed 
for calcium and magnesium according to the conditions given in Table I. 
For the potassium and sodium determinations the solution was diluted 
1:10 and 1:100, respectively. 

The calcium readings had to be corrected for the additional calcium 
euted from the column. The corrected values for calcium and the values 


for the other cations were then compared with graphs similar to those illus- 
trated in Figs. 1 to 4. The graphs were drawn from results obtained from 
dilutions of a stock standard containing 5 m.eq. per liter of calcium, 15 
m.eq. per liter of magnesium, 40 m.eq. per liter of sodium, and 80 m.eq. per 
liter of potassium, which were the approximate ratios found in the un- 
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knowns. It was found unnecessary to reconstruct the entire curve each 
time a series of measurements was made, but several points could be made 
to coincide with the curve by slight adjustments of the sensitivity knob, 
All other points should then fall on the curve. 
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Fig. 1. Standard curve for Ca determination. 
Fic. 2. Standard curve for Mg determination. 
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Fic. 3. Standard curve for Na determination. 
Fic. 4. Standard curve for K determination. 


Since iron, when present in certain amounts, gives an almost continuous 
background, it is desirable to remove it if present. This may be done by 
adding 1 ml. of 0.05 per cent cupferron to an acid solution of the dissolved 
ash before making up to 10 ml. The iron cupferron complex may then be 
extracted with ether until the sample is colorless. The sample can then 
be diluted up to 10 ml. and treated in the manner previously described. 

Serum may be analyzed by diluting 1:10 with distilled water and passing 
the solution through the column; the eluate (in 6 N HCl) may then be 
treated in the same manner as the tissue samples. It is advisable to es- 
tablish new standard curves since the composition of serum is consider- 
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sbly different from’ that of tissue. Magnesium cannot be determined in 
serum in this manner since its concentration is toolow. Sodium and po- 
tassium may be determined in the 6-N HCl eluate by the procedure out- 


lined above. 


50 
z 40 —O 
3 
= 30 
-0.5meq Ca/ lat 554 mp 
ZIOF meq Mg/lat 285.2 my 
20 30 40 £50 
MM HsPO, 
Fic. 5. Depression of calcium and magnesium luminosity values by addition of 
phosphate. 
TABLE II 
Recovery of Calcium, Magnesium, Sodium, and Potassium Added to Muscle Sample 
Calcium Magnesium Sodium Potassium 
Sample No. an won 
Error He Error Error HE Error 
| | 108 | come | 10 | | come | | mcg. | 
1 1.38 | 1.37 | 0.7 | 7.23) 7.30] 1.0 | 2.36} 2.36, 0.0 | 1.02/0.964! 5.9 
2 1.20 | 1.22 | 1.7 | 7.73) 7.79) 0.8 | 2.36) 2.37) 0.4 | 1.02/0.940) 7.8 
3 1.23 | 1.26 | 2.4 7.59) 7.69) 1.3 | 2.36) 2.24) 5.1 | 1.02)0.960) 5.9 
4 1.33 | 1.36 | 2.3 | 8.25) 8.30 0.6 | 2.36) 2.31) 2.1 | 1.02/0.964) 5.9 
5 1.24 | 1.24|0.0) 7.40) 7.38, 0.3 | 2.36) 2.25) 4.7 | 1.02/0.964) 5.9 
6 1.26 | 1.26 | 0.0} 7.72) 7.90) 2.3 | 2.36) 2.30; 2.5 | 1.0210.964) 5.9 
7 1.25 | 1.26 | 0.8 | 7.08) 7.08) 0.0 | 2.36) 2.24) 5.1 | 1.020.964) 5.9 
8 1.17 | 1.18 | 0.8 | 7.48) 7.47) 0.1 | 2.36) 2.41) 2.1 | 1.02)1.00 | 2.0 
9 1.17 | 1.19 |} 1.7 | 7.53) 7.54) 0.1 | 2.36) 2.32) 1.7 | 1.02/1.03 | 1.0 
10 1.19 | 1.21 | 1.7 | 7.54) 7.63) 1.2 | 2.36) 2.32, 1.7 | 1.02)1.00 | 2.0 
11 1.52 | 1.60 | 5.3 | 12.04/12.18) 1.2 | 2.36) 2.41) 2.1 | 1.02/1.06 | 3.9 
12 1.52 | 1.56 | 2.6 | 12.0412.18) 1.2 | 2.36) 2.41} 2.1 | 1.02/1.03 | 1.0 
13 1.52 | 1.55 | 2.0 | 12.04)12.18) 1.2 | 2.36) 2.37) 0.4 | 1.02/1.03 | 1.0 
14 1.52 | 1.60 | 5.3 | 12.04)12.08; 0.3 | 2.36 em 1.7 | 1.02)1.00 | 2.0 
15 1.52 | 1.50 | 1.3 | 12.04/12.04) 0.0 | 2.36) 2.31) 2.1 | 1.02/1.06 | 3.9 
16 1.52 | 1.59 | 4.6 | 12.04,12.18) 1.2 1.02)1.03 | 1.0 
17 1.52 | 1.61 | 5.9 | 12.04/12.50) 3.8 
18 1.52 | 1.59 | 4.6 | 12.0412.00) 0.3 
Average. . 2.4 0.6 2.2 | 3.8 


* See the text. 
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Interferences—It was found that sodium could be determined without 
any interference by the other cations, even when added in amounts of 19 
times those normally encountered in a 2 gm. sample of tissue, and that 
potassium could be determined in the presence of 20 times as much sodium 
and 10 times as much calcium and magnesium as is normally found ing 
sample. Sodium, potassium, and magnesium did not interfere with the 
determination of calcium when they were present in the respective con- 
centrations, 50, 25, and 5 times that normally found. Sodium and po. 
tassium, when present in concentrations 50 times normal, and calcium in 
concentrations 5 times normal did not interfere with the determination of 


TABLE III 
Comparison of Mg Values Obtained by Either Flame or Colorimetric Method 
Sample No. Flame spectrophotometric Colorimetric*® 
m.eq. mg. per 100 gm. dry muscle m.eq. mg. per 100 gm. dry anne 

1 6.83 6.70 

2 6.77 7.33 

3 6.44 6.31 

4 6.20 7.38 

5 7.28 7.34 

6 7.12 7.29 

7 7.30 7.55 

8 7.44 8.24 

9 6.45 6.57 

10 6.86 7.67 
ee 6.87 + 0.42 | 7.22 + 0.58 


* Method of Orange and Rhein (7). 


' magnesium. The effect of phosphate on the luminosity of 0.5 m.eq. per 
liter of calcium and 1.5 m.eq. per liter of magnesium in 0.1 N HCl is illus- 
trated in Fig. 5. ; 


Results 


Table II represents the results of the recovery experiments for the four 
cations. The amounts of calcium and magnesium present equal the origi- 
nal cation concentration, determined by flame photometry in duplicate 
plus 0.5 m.eq. of calcium and 0.8 m.eq. of magnesium for the first ten 
samples. In the next eight samples the amount present equals the origi- 
nal cation concentration as determined by four analyses plus 0.4 m.eq. of 
calcium and 4.00 m.eq. of magnesium. The amount of sodium and potas- 
sium present equals the original cation concentration, as determined by 
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eight analyses plus 1.60 m.eq. of sodium and 0.64 m.eq. of potassium. As 
ean be seen from Table II, recovery values are quite satisfactory. 

A comparison of magnesium values for rat muscle obtained by the flame 
spectrophotometric method and the colorimetric method of Orange and 
Rhein (7) is given in Table ITT. 

Aliquots of sera from different rats, one of which was ashed, were passed 
through the column. The eluates were then analyzed for calcium by the 
volumetric method of Kibrick, Ross, and Rogers (4). A summary of the 


IV 
Comparison of Flame Spectrophotometric Method with Volumetric Method for Ca in 
Serum 
Flame method 
Sample No. Volumetric method* 
Ashed Unashed 
m.eq. per l. Ca m.eq. per 1. Ca m.eq. perl. Ca 

1 3.56 3.56 3.48 

2 4.36 4.56 4.43 

3 4.04 4.30 4.23 

4 4.20 4.16 4.14 

5 4.20 4.20 4.14 

6 4.19 4.36 4.39 

7 4.30 4.58 4.43 

8 4.10 4.04 4.00 

9 3.94 4.04 3.91 

10 4.48 4.50 4.34 

11 4.46 4.36 4.43 

12 4.50 4.40 4.35 
Average.......... 4.19 4.26 4.19 


*Method of Kibrick, Ross, and Rogers (4). 


results obtained for calcium is presented in Table IV. Magnesium was 
not present in sufficient quantities to permit its determination in 1 ml. of 
srum. Sodium and potassium can be determined by the procedure re- 


ported, but the method described by the Beckman Instrument Company 
(8) was found to be satisfactory with only 0.1 ml. of serum. 


DISCUSSION 


The values obtained by the flame spectrophotometric method for calcium 
and magnesium are comparable with those obtained by chemical methods. 
The recovery values for all four cations are satisfactory, considering the 
small amount of material present. 
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sium in tissue. 


SUMMARY 


A flame spectrophotometric method has been developed which permits 
the simultaneous determination of calcium, magnesium, sodium, and potas. 
A rapid method for the determination of calcium in blood 


serum has also been worked out. 


= 
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ELECTROPHORETIC ANALYSIS OF THE SERUM OF THE 
CHICKEN DURING DEVELOPMENT 


By WERNER G. HEIM* ann A. M. SCHECHTMANT 
(From the Department of Zoology, University of California, Los Angeles, California) 


(Received for publication, December 22, 1953) 


Moore, Shen, and Alexander (1) and Marshall and Deutsch (2) have 
studied the serum of the developing chick. Their results are not in agree- 
ment concerning certain fundamental aspects. Thus Moore et al. (1) re- 
ported that components with the mobility of a- or 8-globulin constitute a 
major portion of the 8 to 10 day serum, whereas Marshall and Deutsch (2) 
fnd that albumin and several components of higher mobility (hereafter 
referred to as prealbumin) are predominant. By using Veronal buffer, 
Marshall and Deutsch (2) found three prealbumin components in the serum 
of the embryo but not in that of the adult. Moore eé al. (1), using NaCl- 
phosphate buffer, did not report prealbumin components, although use of 
this buffer reveals one or more such components in the serum of the laying 
hen (3). Preliminary studies showed that borate buffer may be used to 
demonstrate prealbumin components in sera of both the adult and the 
embryo. Electrophoretic patterns, with borate buffer used uniformly for 
all stages of development, including certain neglected posthatching stages, 
are reported here. ‘Tobacco mosaic virus was added to certain of the sera 
to aid in the identification of the components. 


Materials and Methods 


New Hampshire chickens of the embryonic and posthatching stages 
given in Table I were used throughout. Blood was obtained from vitellin 
or allantoic vessels in embryonic stages and by heart puncture of older 
birds. After light centrifugation and determination of the refractive in- 
dex, the serum was diluted with borate buffer (4) (boric acid 0.05 m, KCl 
0.05 m, NaOH 0.012 m; pH 8.6) to refractive index 1.3362, and dialyzed for 
a total of 72 hours against two changes of the buffer. The sample was then 
centrifuged at 15,000 * g, 0-2°, for 30 minutes. Serum from embryos in- 
cubated for 18 days and recently hatched chicks gave a considerable cloudy 
centripetal layer which necessitated a second centrifuging to avoid convec- 
tive disturbances. 

Electrophoresis was carried out in the Perkin-Elmer Tiselius apparatus, 
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model No. 38, utilizing the 2 ml. cell, borate buffer at pH 8.6, and p = 0.112 
running time 9000 seconds, current 5 ma., field strength 4.34 volts per cm. 
temperature 0-1°. Mobilities were measured from the middle of the ; 
boundaries. Areas were obtained from tracings enlarged about three times 
from the negatives. Standard deviations of both mobility and area wer 
determined. 


12 46 82013 7 3.3 R 
DAYS DAYS 
OF INCUBATION § AFTER HATCH. HEN| 


Fig. 1. Average percentage composition of electrophoretic components in chicken 
serum from the 10th day of incubation to the mature adults. The short horizontal 
lines indicate the extent of one standard deviation. 


A 1 per cent suspension of tobacco mosaic virus, severe strain, was added 
to some of the embryonic and adult sera (1:1 by volume) prior to dialysis.’ 


Results 


Average mobilities of the various components and their standard devia- 
tions are given in Table I, and the percentage composition in Table II. 
The prealbumin components are present only as traces at the time of hatch- 
ing (21 days incubation). Through the 18th day of incubation, Compo- 
nents 5 and 6 and 7 and 8 are combined because of their incomplete separa- 


1 We are indebted to Dr. S. G. Wildman, Department of Botany, University of 
California, Los Angeles, for a supply of tobacco mosaic virus. 
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tion. The changing percentage composition of the various components is 
indicated in Fig. 1, and typical examples of the patterns appear in Fig. 2. 

The tobacco mosaic virus showed an anodic mobility of 7.9 to 8.3 * 10-5 
em.2 per volt per second, whether run alone or with embryonic or adult 
serum. In the presence of serum it migrated in the position normally 


INCUBATED 3 MONTH 
2! DAYS AFTER HATCHING 


ROOSTER 


45,6 


7 DAYS LAYING 
AFTER HATCHING HEN 


INCUBATED 3 WEEKS 
I8 DAYS AFTER HATCHING 
Fic. 2. Typical patterns of serum obtained from various stages of development of 
thechicken. Borate buffer, pH 8.6. 


occupied by Component 3 (Fig. 3). Together with mobility measurements, 
the presence of the virus in this position shows that, in all of the stages 
studied, the prealbumin components actually have a mobility exceeding 
that of albumin. 


DISCUSSION 


Moore (3) found that one or more prealbumin components occur in the 
serum of the laying hen but not in that of the rooster and the immature 
female. Moore, Shen, and Alexander (1) used the same buffer (NaCl- 
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phosphate, pH 7.4, 0.17 m) and did not find the prealbumin components jp 
embryonic serum. On the other hand, Marshall and Deutsch (2), using 


VIRUS 


TOBACCO MOSAIC 
VIRUS (TMV) 
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Fig. 3. Typical patterns of chicken serum to which has been added a 1 per cent 
. suspension of tobacco mosaic virus (1:1 by volume). Borate buffer, pH 8.6. 


TABLE III 
Results of Various Buffers on Prealbumin Components 
Serum Borate, pH 8.6 P 
Embryonic..................... + (2) + (Present work) — (1) 
— (2) + (4); present work + (3) 


The plus sign indicates the presence of clearly defined prealbumin components; 
the minus sign indicates their absence. The figures in parentheses are biblio- 
graphic references. 


Veronal buffer (pH 8.6; 4 = 0.1), found the fast components in the embry- 
onic serum but not in the serum of the laying hen. Brandt, Clegg, and 
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Andrews (4) showed the prealbumin components in the laying hen by the 
use of borate buffer (pH 8.6; » = 0.112), and we have found this buffer 
suitable for embryonic sera. The situation is summarized in Table III. 
These results suggest that the prealbumin components of adult serum are 
probably not identical with those of the embryonic sera. On the other 
hand, albumin and the £- and y-globulin components found in egg white, 
embryonic sera, and adult sera are closely similar or identical in electropho- 
retic mobility and serological behavior (5). 

In borate buffer, Component 4 corresponds most closely to adult albumin 
in mobility (Table II; Fig. 2). This is confirmed by the position of the 
tobacco mosaic virus (Fig. 3). Accordingly, albumin constitutes about 
30 per cent of the total proteins throughout development. The a-globulin 
(Components 5 and 6) decreases, whereas the 8-globulin (Components 7 
and 8) increases, during the second half of the developmental period. 

The increase in percentage composition of y-globulin shortly after hatch- 
ing corresponds with the findings of Marshall and Deutsch (2), and also 
with serological work which indicates that certain immune bodies appear 
in the serum of the embryo in increasing quantities during the last days of 
the developmental period and the several days after hatching (6, 7). 


SUMMARY 


The serum of the developing chicken was examined electrophoretically 
ina borate buffer. Components with mobilities exceeding that of albumin 
were found in embryonic sera and laying hen serum, but not in males or 
immature females. Albumin maintains constant percentage composition 
during the period of development studied. a-Globulins decline and £- 
globulins increase during development. -Globulin increases toward the 
end of the developmental period and in the several days after hatching. 
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TYROSINE IODINASE* 


By D. M. FAWCETT? anv KIRKWOOD 
WITH THE TECHNICAL ASSISTANCE OF ANNE TAYLOR 
(From the Department of Chemistry, McMaster University, Hamilton, Canada) 


(Received for publication, January 13, 1954) 


The synthesis of organically bound iodine by cell-free preparations of 
thyroid tissue has recently been achieved by Weiss (1). He has demon- 
strated that cell-free homogenates of thyroid tissue will incorporate iodine 
into organically bound form if they are supplemented with cupric ion and 
tyrosine. ‘This synthesis has been shown by Fawcett and Kirkwood (2) 
to consist entirely of the formation of free monoiodotyrosine and is the 
result of the action of an enzyme tyrosine iodinase. The enzyme catalyzes 
the reaction of tyrosine with elemental iodine to form monoiodotyrosine. 
It is the purpose of this paper to report the occurrence and properties of 
this enzyme and to discuss its probable function. 


EXPERIMENTAL 


Homogenate Techniques—Except where otherwise noted, 5 per cent ho- 
mogenates of the appropriate tissue were used. These were prepared with 
ice-cold isotonic KCl in a Potter-Elvehjem glass homogenizer and were 
centrifuged for 20 minutes at 1500 X g to remove stroma and unbroken 
cells. 
Experiments were carried out in 15 ml. centrifuge tubes containing the 
following mixture: 2.0 ml. of the appropriate isotonic KCl homogenate, 
0.5 ml. of 0.1 m phosphate buffer, pH 7.4, 0.2 ml. of 0.04 m tyrosine, and 
0.2 ml. of 0.04 m CuCle When a component was omitted, it was replaced 
with an equal volume of distilled water and, if a substitution was made, 
the substance was added in the same volume of solution as the material 
which it replaced. The labeled iodide ion was added as 0.01 ml. of an 
aqueous solution of carrier-free iodide containing 10 ue. of radioactivity. 
The tubes were incubated in a bath at 38° for the appropriate time, then 
centrifuged, and an aliquot (30 ul.) of the supernatant fluid was submitted 
to chromatographic analysis on paper. 

Methods of Paper Chromatography and Radioautography—aAll prepara- 
tions were chromatographed on Whatman No. 1 paper strips, 6 cm. wide 
and 56 cm. long, previously treated with buffer. The general techniques 
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used have been described elsewhere (2, 3). In addition to the buffe 
treatment, 3 y of sodium thiosulfate were dried on the paper with each 
sample. ‘This greatly improved the quantitative estimation of the activity 
in the spots by the method described below, since the thiosulfate prevent 
some of the activity from running at the solvent front, probably in the 
form of a complex. The position of radioactive spots was determined by 
radioautography, as described elsewhere (2, 3). 

Quantitative Estimation of Radioactivity Present in Chromatographic Spots 
—In order to determine the proportion of iodine in the different chemical] 
forms present at the end of each experiment, the corresponding spots on 
the chromatograms were cut out, and the radioactivity was counted with 
an end window Geiger counter. The papers were placed sufficiently far 
from the window (4 cm.) to behave as ‘‘point sources.” This distance 
was determined empirically by counting the activities of spots of similar 
size containing known aliquots of [*1. All activities are reported as per 
cent of the total activity present on the chromatogram. This automati- 
cally corrects for decay of the activity and also corrects any small errors 
which may have occurred in measuring the aliquot dried on the paper. 


RESULTS AND DISCUSSION 


Synthesis of Monoiodotyrosine by Homogenates of Thyroid Gland—The 
rate of synthesis of monoiodotyrosine (MIT) by boiled and unboiled 5 per 
cent, cell-free homogenates of rat thyroid tissue is shown in Fig. 1. The 
high zero time values result from the preparations being centrifuged at 
room temperature prior to chromatography. Preparations of beef thyroid 


are considerably less active than those from the rat. A 20 per cent ho . 


mogenate of beef thyroid will incorporate about 11 per cent of the total 
‘activity into MIT in 3 hours. On the other hand, 5 per cent homogenates 
of rat submaxillary gland will incorporate 60 per cent of the labeled iodine 
into MIT in the same time. The occurrence of this enzyme in the sub- 
maxillary salivary gland will be discussed below. Variation in the activity 
found in different tissues and in the same tissue from various species is 
probably due to differences both in the enzyme concentration and in the 
chemical concentration of iodide ion present in the tissues. We have 
found in the case of thyroid tissue that the activity of homogenates varies 
inversely with the size of the animal. The order of decreasing activity is 
rat, guinea pig, rabbit, human, hog, and beef. 

Occurrence of Enzyme in Different Tissues—A number of tissues from the 
rat have been qualitatively assayed for the presence of the enzyme by 
determining the percentage of an aliquot of labeled iodine that a 5 per cent 
homogenate of the tissue was capable of incorporating into MIT in 3 hours 
when supplemented with cupric ion and tyrosine. The results of this 
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‘avestigation are shown in Table I. It is to be noted that only the sub- 
maxillary, parotid, and thyroid glands showed appreciable activity. Ina 


Ww 


N 


PER CENT IODINE IN MIT 


20 40 60 80 100 120 
TIME IN MINUTES 


Fig. 1. Synthesis of monoiodotyrosine by boiled (lower curve) and unboiled 


| (upper curve) 5 per cent cell-free homogenates of rat thyroid tissue supplemented 
with cupric ion and tyrosine. 


TABLE [ 
Ability of 5 Per Cent Homogenates of Different Rat Tissues to Catalyze Iodination 
of Tyrosine When Supplemented with Cupric Ion and Tyrosine 
The results are expressed as per cent incorporation of iodine into monoiodotyrosine 
in excess of boiled controls in 3 hour experiments. 


Tissue Todination 


= 


large series of experiments, the submaxillary and parotid glands have been 
shown to be consistently more active than the thyroid from the same 
animal. The submaxillary possesses about twice the enzyme activity of 
the thyroid. 
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pH Optimum of Enzyme—The activity of the enzyme over a range of 
pH is shown in Fig. 2. The curve is the same for preparations of both 
rat submaxillary and thyroid. The “double hump” in the curve is rea] 
and has been demonstrated in repeated experiments. 

Properties of Enzyme—The enzyme appears to be truly soluble and cap 
be quantitatively removed from whole homogenates by repeated extrac. 
tions with isotonic KCl. The first extraction brings the greater part of 
the enzyme into solution. The enzyme is quite stable and is only slowly 
inactivated by repeated freezing and thawing. It is stable at a tempera. 


PER CENT IODINE IN MIT 
oO 


6.0 70 8.0 9.0 
PH 
Fig. 2. Activity of the enzyme as a function of pH. The ordinate is per cent in- 


corporation of iodine into monoiodotyrosine in excess of that of boiled controls run 
at the same pH. 


ture of 50° for 7 minutes and will withstand treatment with alcohol at 
—10°. 

Specificity of Enzyme—The ability of the enzyme to catalyze the iodina- 
tion of a series of substrates related to tyrosine is shown in Table II. It 
will accept both the p and 1 forms of tyrosine, but their iodination proceeds 
at different rates. Preference of the enzyme for the L isomer is convincing 
evidence that this catalysis is enzymatic, since the catalyst involved must 
be markedly asymmetric itself (4). Replacement of one of the hydrogens 
on the nitrogen by an acetyl group or replacement of the amino group by 
hydrogen does not prevent the enzyme from acting, although its rate of 
action is reduced. This is to be expected, since the configuration about 
the side chain is not crucial for enzyme action. It would appear that the 
structural requirement for substrate activity in a molecule is a p-hydroxy- 
pheny] ring with a carboxylic acid side chain. It is, at first sight, surprising 
that the enzyme will accept p-hydroxyphenylpropionic acid and p-hy- 
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droxybenzoic acid, while it rejects p-hydroxyphenylacetic acid. A con- 
sideration of scale models of these molecules (Fisher-Hirschfelder-Taylor 
models) shows that in the case of the p-hydroxybenzoic and p-hydroxy- 
phenylpropionic acids the carboxyl group is located in the plane of the 
aromatic ring when the molecules are arranged in the conformation which 
maximally separates the phenolic and carboxylic hydroxyls. This con- 
formation is the most probable one, since these groups are centers of 
negative charge. Thus the carboxyl group in both of these molecules is 


TABLE II 
Ability of Enzyme to Catalyze Iodination of Number of Substrates Related in 
Structure to Tyrosine 
In all cases experiments were run in pairs on the same homogenate with L-tyro- 
sine in one case and the test substrate in the other. The results are expressed as per 
cent of the iodination that occurred with the L-tyrosine control. 


Iodination 
Duration of 
— experiment «compared 
hrs. 
3-(p-Hydroxyphenyl)propionic acid............... 3.0 71 
p-Hydroxybenzoic 3.0 23 


The enzyme did not act on these substances: O-methyl-L-tyrosine, O-methyl-N- 
acetyl-pL-tyrosine, N-acetyl-L-tyrosine anilide, 3-(p-methoxypheny]l)propionie acid, 
3-(3,4-dimethoxyphenyl)propionic acid, 3-(3,4-dihydroxyphenyl)propionic acid, 
3-(4-hydroxy-3-methoxyphenyl)propionic acid, trans-p-hydroxycinnamic acid, trans- 
p-methoxycinnamic acid, trans-3,4-dimethoxycinnamic acid, trans-3-methoxy-4- 
hydroxycinnamic acid, p-methoxybenzoic acid, p-hydroxyphenylacetic acid, p-meth- 
oxyphenylacetic acid, p-hydroxybenzaldehyde, p-aminobenzoic acid, sulfanilamide, 


phenol. 


in the plane of the ring, and the charge spacing in both molecules is nearly 
the same owing to staggering of the side chain. In the case of p-hydroxy- 
phenylacetic acid, it is impossible to orient the carboxyl so that it is in the 
plane of the ring. Accordingly the charge spacing in relation to the rest 
of the molecule is quite different from that which exists in the p-hydroxy- 
phenylpropionic and p-hydroxybenzoic acids. It is not surprising, there- 
fore, that p-hydroxyphenylacetic acid is not accepted by the enzyme. The 
effect of substituents in the ortho position to the phenolic function depends 
on their size. The small fluorine atom is accepted, while the larger hy- 
droxyl and methoxyl groups are rejected. | 

The results obtained through the use of substances related in structure 
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to tyrosine indicate that the substrate is attached to the enzyme through 
the phenolic and carboxylic hydroxyls. The catalytic action of the e. 
zyme may well be exerted through an ability to cause the phenolic hydroxy] 
to dissociate at neutral pH. Li (5) has shown that the rate of iodinatig, 
of the phenolate ion of tyrosine is greater by a factor of 10° than the rate 
of iodination of tyrosine with an undissociated phenolic hydroxy]. 

Possible Function of Enzyme in Submazillary Gland—The function of 
this enzyme in the thyroid gland is very probably the synthesis of mono 
iodotyrosine, the first intermediate in the formation of thyroxine in the 
gland (6). Its function in the submaxillary salivary gland is by no means 
so evident. At least two groups of workers have noted a connection be. 
tween the function of the thyroid gland and the function of the submaxil- 
lary. Leblond and Grad (7) have observed an atrophy of the submaxillary 
gland in thyroidectomized rats. The changes were confined to the serous 
alveoli and could be completely reversed by the administration of thy. 
roxine. Similarly, Arvy, Debray, and Gabe (8) have noted an atrophy of 
the serous alveoli of the submaxillary in thiourea-fed rats. This change 
was very striking, and the glands decreased to half their normal weight. 
Experiments conducted in this laboratory! have confirmed the observation 
of Leblond and Grad that thyroxine prevents the decrease in weight of the 
submaxillary gland of thyroidectomized rats, and we have further been 
able to show that the atrophy of this gland in thiouracil-fed rats is pre- 
vented by the administration of thyroxine. It would appear that the 
thyroid hormone has a marked effect on the serous alveoli of the submaxil- 
lary gland. Tyrosine iodinase may well be confined to the serous alveoli, 
since we have found it in high concentration in the submaxillary and 
parotid glands, while it is in very low concentration in the sublingual 
gland, which has very few serous alveoli (9). 

The work of Honour, Myant, and Rowlands (10) allows the conclusion 
that the serous alveoli have the major réle in the secretion of iodide ion. 
Evidence has been obtained from clinical studies that the iodine-concen- 
trating mechanism of the salivary glands is influenced by the state of 
thyroid function.2 It has been found that the ratio of concentration of 
radioiodine in saliva to concentration in plasma 24 hours after a test dose 
of radioiodide is an excellent measure of the state of thyroid function. 
Ratios have been determined on thirty-six euthyroid, eighteen hyperthy- 
roid, and fifteen hypothyroid patients. The mean saliva-plasma ratio for 
euthyroid patients was 31. It was 8 for hyperthyroid and 70 for hypothy- 
roid patients. 

A possible explanation of these results and the occurrence of the enzyme 


1R. F. W. Bader and 8S. Kirkwood, unpublished data. 
2 Thode, H. G., Jaimet, C. H., and Kirkwood, 8., New England J. Med., in press. 
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ine iodinase in the submaxillary gland would be that this organ is 
concerned with the degradation of thyroxine in the body. It has long been 
realized that thyroxine is degraded somewhere in the body and that the 
iodine contained in it is recycled to the thyroid gland in the form of iodide 
ion (11). Most authors have assumed that the hormone is deiodinated 
generally in the tissues, but there is no convincing evidence for this. It is 
known that aromatic substitution reactions involving the halogens gen- 
erally show an increasing free energy of reaction as one proceeds from 
chlorine to iodine. Thus, in the case of benzene, the chlorination and 


PER CENT IODINE IN MIT 


20 40 60 80 100 120 
TIME IN MINUTES 
Fic. 3. Catalysis of the exchange reaction between unlabeled monoiodotyrosine 
and labeled elemental iodine by a 5 per cent homogenate of rat submaxillary gland 
supplemented with cupric ion. The lower curve represents the exchange in the 
presence of boiled homogenate. Preparations of rat and beef thyroid behave in a 
similar fashion. 


bromination reactions proceed to completion, while the iodination will 
proceed only if nitric acid is added to displace the equilibrium toward 
iodination by reoxidizing iodide ion to iodine (12). If the iodination of 
tyrosine is an equilibrium reaction, then it follows that enzymes concerned 
with the iodination steps in the synthesis of thyroxine will also catalyze its 
degradation. The direction of reaction will depend on the oxidation-reduc- 
tion potential of the tissue concerned. If one accepts this picture for the 
function of tyrosine iodinase in the submaxillary gland, then it follows that 
in the thyroid gland the reactions will all be toward synthesis, since com- 
paratively high concentrations of free iodine are produced enzymatically 
in the gland (3). Further, the removal of MIT from solution by its in- 
corporation into thyroglobulin will drive the reaction toward synthesis. 
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It is perhaps for this reason that the thyroid gland incorporates MIT an 
diiodotyrosine into thyroglobulin. In the submaxillary gland, on the othe 
hand, there is no enzyme which produces elemental iodine and, if the 
oxidation-reduction potential of the gland is low, tyrosine iodinase yjj 
catalyze the deiodination of MIT. A consideration of the standard po. 
tentials of the oxidized diphosphopyridine nucleotide-reduced diphospho. 
pyridine nucleotide couple and the 3I.-I- couple (13) shows that if, 
diphosphopyridine nucleotide-linked iodine reductase exists in the sub. 
maxillary the situation will be, from the thermodynamic standpoint, in 
favor of the deiodination. So far all attempts to catalyze the deiodination 
of MIT by coupling the reaction of tyrosine iodinase with chemical redye. 
ing agents have failed.* It has been possible, however, to demonstrate that 
preparations containing the enzyme will catalyze the exchange between 
labeled iodine and unlabeled MIT, as would be predicted if the reaction 
were reversible. This is shown in Fig. 3. 


SUMMARY 


1. The occurrence and properties of the enzyme tyrosine iodinase are 
described. This enzyme catalyzes the reaction between elemental iodine 
and tyrosine to produce monoiodotyrosine. 

2. The occurrence of this enzyme in the submaxillary salivary gland, 
when considered with other evidence, indicates that this organ may be 
involved in the extrathyroidal metabolism of the hormone thyroxine. . 

3. Possible functions of this enzyme in the synthesis and breakdown of 
thyroxine are discussed. 
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*It has now been possible to couple the reaction of tyrosine iodinase with chemi- 
cal reducing agents. The addition of cysteine to actively synthesizing prepara- 
tions will cause the action to reverse. (Note added in proof.) 
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ABSORPTION OF ENTERALLY ADMINISTERED 
17a-METHYL-C"-TESTOSTERONE 
AND ITS METABOLITES* 


By PAUL M. HYDE,f E. A. DOISY, Jr., WILLIAM H. ELLIOTT, 
AND EDWARD A. DOISY 


(From the Departments of Biochemistry and Internal Medicine, St. Louts 
University School of Medicine, St. Louis, Missourz) 


(Received for publication, January 14, 1954) 


Although 17a-methyl-C*-testosterone has been shown to be more effec- 
tive upon enteral administration than testosterone in the rat (1, 2), an 
adequate explanation for this finding does not exist. That the liver is 
intimately concerned with the metabolism of these androgens was demon- 
strated by Biskind and Mark (3, 4) who used pellets of these steroids im- 
planted in areas drained by the portal vein and by the peripheral circula- 
tion. Burrill and Greene (5), using implants of both testosterone and 
methyltestosterone in the portal field, found that the latter possessed 
greater androgenic activity. 

Biskind (4) suggested that the higher activity of methyltestosterone by 
enteral administration might be due to absorption through the lacteals 
rather than the portal vein. Recent investigations of lipide absorption by 
Chaikoff et al. (6-10) have shown that the intestinal lymphatics are the 
major pathways for the absorption of the long chain saturated fatty acids 
and cholesterol in rats. 

To test the hypothesis of Biskind, the thoracic duct was cannulated, 
radioactive methyltestosterone (11) was administered by gavage, and 
lymph was obtained for the determination of radioactivity. In another 
series of animals, the concentrations of C™ in the blood of the portal vein 
and of the inferior vena cava were determined to ascertain whether the 
radioactivity is transported mainly by the portal route. In addition to 


*This paper is based on work performed under contract No. AT(11-1)-201 be- 
tween the Atomic Energy Commission and St. Louis University, and was aided by a 
grant from the Damon Runyon Memorial Fund for Cancer Research, Inc., New York. 
Part of the material presented herein was taken from a dissertation submitted to the 
Graduate School of St. Louis University by Paul M. Hyde in partial fulfilment ‘of 
the requirements for the degree of Doctor of Philosophy in Biochemistry. A pre- 
liminary report containing a portion of these data was presented before a meeting of 
om Federation of American Societies for Experimental Biology in Chicago, April, 


t Present address, Department of Medicine, University of Washington School of 
Medicine, Seattle, Washington. 
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these experiments, the reabsorption of biliary radiometabolites wag jp, 
vestigated in animals having bile fistulas. 


EXPERIMENTAL 


Lymphatic Absorption of Methyl-C'4-testosterone—Adult male rats of the 
St. Louis University colony were subjected to the operative procedures ¢ 
Bollman et al. (12) for cannulation of the thoracic duct. After the surgig 
manipulation, they were placed in restraining cages (13) and given 0.9 pe 
cent NaCl and Purina chow ad libitum. When the lymph failed to clot 
usually from 18 to 24 hours after insertion of the cannula, these rats wer 
anesthetized lightly with ether and given by gavage 0.2 mg. (1.1 x 1 
disintegrations per minute) of methyl-C'-testosterone in 1.0 ml. of 50 pe 
cent ethanol or in 0.5 or 1.0 ml. of corn oil. Cumulative samples of lymph 
were obtained at the 4th, 8th, 12th, and 24th hour, while urine and fec 
were collected at the end of 24 hours when the animals were sacrificed, 
Aliquots of urine and feces were oxidized directly and the radioactivity 
present in them was determined by the procedure previously outlined (14 
15). 

Since the sensitivity of the determination of radioactivity in lymph can 
be increased by decreasing the ratio of C?:C™, the protein and a large part 
of the lipide were removed. The lymph was added to 5 volumes of 95 per 
cent ethanol, the mixture centrifuged, and the liquid fraction decanted. 
The precipitate was washed with 95 per cent ethanol, the mixture centr- 
fuged, and the ethanol extract added to the first liquid fraction, to which 
water was then added to bring the alcohol concentration to 80 per cent. 
After partitioning with an equal volume of petroleum ether, b.p. 38-40, 
and after washing the petroleum ether layer three times with 0.25 volume 
of 80 per cent ethanol, the alcoholic solutions were combined and reduced 
_ to about 15 ml. on the steam bath. Aliquots of this solution were assayed 
for C4. This technique permitted detection of 0.03 per cent of the admin- 
istered radiocarbon. 

As shown in Table I, less than 1.5 per cent of the administered radio 
activity was found in the lymph from the animals with cannulated thoracic 
ducts, regardless of whether the steroid was given in 50 per cent ethanol 
or corn oil. That absorption from the gastrointestinal tract took place is 
clearly indicated by the percentages of C™ found in the urine collected 
during the 24 hour period after administration of the steroid. 

After sacrifice, the gastrointestinal tract and contents were removed and 
suitable extraction procedures, to be described later, were used to increase 
the sensitivity of the assay for C“. The values thus obtained indicated 
that the recovery of C™ was nearly complete in all experiments. 

Portal Absorption of Radioactivity—Since earlier experiments with meth- 
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yitestosterone (11) showed nearly complete absorption of radioactivity from 
the gastrointestinal tract, portal transport was investigated in a manner 
imilar to that reported by Kiyasu e¢ al. (16). Normal male rats, fasted 
ior 24 hours, received 0.2 mg. (1.1 X 10° d.p.m.) of isotopic methyltestos- 
terone in 0.5 ml. of corn oil by gavage. After periods of absorption, vary- 
ing from 3 to 12 hours, the animals were anesthetized with ether and the 
duodenohepatic ligament containing the portal vein was exteriorized 
through a mid-line incision. 2.5 to 5 ml. samples of blood were then with- 
drawn simultaneously into heparinized syringes from the portal vein and 
the inferior vena cava. ‘The animals were then sacrificed. 


TABLE 
Radioactive Carbon in Lymph and Urine of Rats Having Thoracic Duct Fistulas* 


Solvent Per cent of administered C'* 
Rat No. 7 Lymph Urine 
Corn oil 
0-4 hrs. 4-8 hrs. | 8-12 hrs. | 12-24 hrs.| 0-24 hrs. | 0-24 hrs. 
ml, ml. 

LF-1 1.0 0.3 0 0 0 0.3 16.8 
LF-4 1.0 0.5 0.7 0.2 0 1.4 49.1 
LF-5 1.0 0.4 0.5 0.3 0.2 1.4 44.5 
LF-11 1.0 0.2 0 0 0 0.2 40.1 
LF-12 0.5 0.1 0.1 0 0 0.2 8.5 
LF-13 0.5 0.4 0.6 0 0.1 1.1 41.9 


* After intragastric administration of 0.2 mg. (1.1 K 106 d.p.m.) of methyl-C**- 
testosterone to rats. 


The blood was added slowly with constant swirling to 100 ml. of 3:1 
alcohol-ether mixture. The mixture was gently refluxed for 2 hours and 
then filtered through Whatman No. 1 paper, and the precipitate was 
washed with 25 ml. portions of alcohol and of ether. Longer periods of 
refluxing the alcohol-ether mixture or extraction with hot ethanol for 8 
hours did not increase the yield of C'. The filtrates and washings were 
combined, reduced in volume to about 10 ml. on a steam bath, and parti- 
tioned between 50 ml. quantities of 75 per cent ethanol and petroleum 
ether (b.p. 38-40°). The petroleum ether fraction was washed three times 
with 12 ml. portions of 75 per cent ethanol. The alcoholic solutions and 


washings were combined and reduced in volume and assayed for radiocar- 
bon with a gas flow Geiger counter. 

In addition, urine and feces were collected and the gastrointestinal tract 
After thorough grinding of the 


and its contents removed for extraction. 
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260 17a-METHYL-C"-TESTOSTERONE 
gastroenteric tissue and its contents, an extract was prepared by a py, 
cedure similar to that used for blood. 

The results of this absorption study with nineteen animals are shown} 
Table II. The concentration of C™“ in the blood withdrawn from th 
portal vein was greater than that found in caval blood in all animals exegy 


one, Rat C-18, at the 12th hour. Upon calculation, the ratio of C™ fouy 
TABLE II 
Radioactive Carbon in Blood of Portal Vein and Inferior Vena Cava* 
Radioactivity per ml. whole blood 
removed from 
Rat No. Absorption period Ratio, Pere 
Portal vein Inferior vena cava 
hrs. d.p.m. d.p.m. 

C-14 0.5 386 134 2.9 
C-15 0.5 753 502 1.5 
C-16 0.5 1270 958 1.3 
C-4 1 381 354 1.1 
C-6 1 856 369 2.3 
C-13 1 325 138 2.4 
C-2 3 491 212 2.3 
C-7 3 806 177 4.6 
C-12 3 767 326 2.4 
C-3 6 525 148 3.5 
C-5 6 142 66 2.2 
C-11 6 516 406 1.3 
C-20 6 835 138 6.1 
C-9 8 672 288 2.3 
C-10 8 558 110 5.1 
C-19 8 447 355 1.3 
C-8 12 147 142 1.0 
C-17 12 354 170 2.1 
C-18 12 450 520 0.87 


* Obtained after intragastric administration of 0.2 mg. (1.1 xX 10® d.p.m.) of 
methyl-C'*-testosterone in 0.5 ml. of corn oil to rats fasted for 24 hours. 


in the portal vein blood to that in the inferior vena cava varied from 0.87 
to 6.1, with a weighted arithmetic mean of 1.94.! 

Although the main purpose of these experiments was the study of the 
absorption of methyltestosterone from the intestine, the amounts of C" 
in urine, feces, blood, and gastrointestinal tract were determined. The 


1 A curve fitted to the bar histogram constructed from these data (abscissa repre- 
senting the ratio in class intervals of 0.0 to 0.99, 1.0 to 1.99, etc., and the ordinate 
representing frequency) was markedly skewed to the right, with a modal class of 
2.0 to 2.99 (17). 
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average Of the sums of these values was slightly over 90 per cent of the 
yiministered C'*. Recoveries for periods of absorption of 6 hours or more 
yere somewhat smaller than for the shorter periods. 

Enterohepatic Circulation of Radiometabolites—Bile collected from an an- 
imal which received radiomethyltestosterone by gavage (Rat BFt-2) (11) 
was concentrated by lyophilization to one-third of its original volume. 
This material was given by stomach tube to three other rats in which the 
bile ducts were cannulated with metal-tipped plastic tubing by a previ- 
ously described procedure (14). Bile, urine, and feces were collected at 
regular intervals for 48 hours. The radioactivity in these excreta and in 
the gastrointestinal tract and its contents is given in Table III. That 
reabsorption of biliary radiometabolites occurred is shown by the fact that 
fom 37 to 51 per cent of the radiocarbon given was present in the bile, 


TaBLeE III 
Percentages of Radioactivity Recovered during 48 Hours after Intragastric 
Administration of Bile Containing Radiometabolites of Methyl- 
testosterone to Other Rats with Bile Fistulas 


Gastrointestinal 
Rat No. Bile Urine Feces tract and Total 
contents 
BFt-5 37 10 58 0 105 
BFt-6 41 9 39 8 97 
BFt-7 51 3 35 0 89 


and from 3 to 10 per cent in the urine of these rats. Apparently, from 35 
to 58 per cent of the administered radioactivity was not absorbed, since 
these amounts were present in the feces and gastrointestinal tract. 


DISCUSSION 


The data in Table I demonstrate that only small amounts, from 0.2 to 
14 per cent, of C“ administered intragastrically were transported by the 
lymph in the thoracic duct. This quantity of radioactivity could have 
come from the intestinal tract or from the liver or may have originated from 
the extracellular fluids in the pelvic area and lower extremities. From 
these data, it would seem that about the same quantity of C“ was trans- 
ported by the lymph in the thoracic duct regardless of the type of solvent, 
aqueous or lipide, employed as a vehicle for administration of methyltestos- 
terone. These findings do not support the concept suggested by Biskind 
(4) of the preferential absorption of methyltestosterone via the lymphatics 
as 8 possible explanation for its oral activity. 
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Similar experiments with two animals having cannulated thoracic duets 
and given 0.2 mg. of methyl-C'-androstenediol in 0.5 ml. of corn oil by 
gavage, revealed that from 0.7 to 1.2 per cent of the C™ administered wx 
carried by the thoracic duct lymph. These results for the two 17-methy. 
androgens are in agreement with the very small amounts of C™ found in the 
lymph from intestinal or thoracic ducts after intragastric administration 9 
17-methyl-C''-estradiol (15), but are in sharp contrast with those found fo 
the long chain fatty acids (7-9) and cholesterol (10) reported by Chaikof 
and coworkers. 

Portal transport of C' following intragastric intubation of radioactive 
methyltestosterone is indicated by the data in Table II. The C™ found ip 
the blood removed from the portal vein was from 0.87 to 6.1 times greater 
than that present in inferior vena cava blood during periods of absorption 
ranging from 0.5 to 12 hours. These data indicate that methyl-C"-testos. 
terone is carried primarily by portal blood from the intestinal tract. This 
finding agrees with that found for decanoic acid-C™ (16) administered intra- 
gastrically in corn oil. 

Physiological processes which alter circulating blood levels obviously 
influence the results of the present experiments. The rapidity with which 
the liver excretes hormonal metabolites brought to it determines in large 
part the level of circulating hormone. Although storage and release of the 
hormone and its metabolites from adipose tissues have been shown to be 
an important regulatory mechanism for blood levels of testosterone ad- 
ministered intravenously (18), the low dosage and the rate of absorption 
from the intestine of methyltestosterone in the experiments reported here 
would minimize the effects of such temporary storage. Blood levels in 
the inferior vena cava may be further affected by the renal excretory 
mechanism, evaluation of which requires kidney threshold and clearance 


studies. Though the evidence for absorption through the portal system | 


- is not as rigorous as desired, these experiments, taken in conjunction with 
those showing absorption of very little C™ through the lymphatics, leave 
no doubt about the course of absorption of methyltestosterone. 

The possibility of enterohepatic circulation of the radiometabolites of 
methyl-C'-testosterone has been examined. Biliary C™ from one rat was 
absorbed from the gastrointestinal tracts of three other animals with bile 
fistulas. The data of Table III clearly show enterohepatic circulation. 
The quantities of biliary C reexcreted by the three animals, from 37 to 
51 per cent, agree well with the data for testosterone reported by Ashmore 
et al. (19). However, the amounts of radiocarbon present in the feces and 
gastrointestinal tract indicate that some alteration in the chemical nature 
of this androgen sufficient to prevent absorption must have taken place. 
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SUMMARY 


Upon intragastric administration of 0.2 mg. of 17a-methyl-C'*-testos- 
erone, less than 1.5 per cent of the radioactivity was found in lymph from 
animals with cannulated thoracic ducts. 

Determination of the C™ present in blood withdrawn simultaneously 
fom the portal vein and inferior vena cava showed that methyl-C"-testos- 
terone or its radiometabolites are carried to the liver via the portal route. 

About half of the radiocarbon excreted in the bile after giving methyl-C"- 
testosterone was reabsorbed from the intestinal tract of other bile fistula 


animals. 


The authors wish to thank Dr. B. C. Bocklage for assistance in some of 
the surgical procedures. 
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Although the synthesis of glutamine has been demonstrated with a 
1) Glutamate + ATP! + ammonium — glutamine + ADP + phosphate 


variety of enzyme preparations (1-5), little is known of the mechanism of 
interaction of the substrates or of the nature of possible intermediates. 
Hydroxylamine or hydrazine can replace ammonium ion in the reaction, 
leading to the synthesis of y-glutamylhydroxamic acid and y-glutamyl- 
hydrazide, respectively (1). 

Recently, it was shown that p-glutamate can serve as a substrate in this 
system, with the consequent synthesis of pD-y-glutamylhydroxamic acid 
and p-glutamine, the latter at a considerably slower rate. Moreover, al- 
though both enantiomorphs of a-aminoadipic acid were converted to hy- 
droxamic acids, no homoglutamine was formed when ammonium ion re- 
placed hydroxylamine. These observations led to the suggestion that 
there is an initial carboxy] activation of low optical specificity preceding 
the reaction with the amine (6). 

Elliott, who worked with extracts of green pea seeds, purified the system 
which synthesizes glutamine about 2000-fold, and was unable to demon- 
strate the participation of more than one enzyme (5). Furthermore, the 
system which catalyzes the glutamyltransferase reaction in the presence 
of ADP and phosphate or arsenate (7, 8)? was found to have been con- 
centrated in a manner parallel to that responsible for glutamine synthesis. 


2) Glutamine + hydroxylamine — y-glutamylhydroxamic acid + ammonia 


This result suggests the close association or identity of the enzymes which 
catalyze the two reactions (5, 9). 

The present studies, with the purified enzyme from peas, demonstrate 
that the enzymatic synthesis of glutamine is a reversible reaction. The 
experimentally determined equilibrium lies somewhat further toward glu- 


‘Abbreviations employed: ATP, adenosinetriphosphate; ADP, adenosinediphos- 
phate; AMP, adenosine-5-phosphate; TPN, triphosphopyridine nucleotide. 

*The glutamyltransferase reaction in the present discussion differs from that 
found in certain microorganisms (9) which does not require nucleotide, phosphate, 
or a divalent cation. 
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tamate than was initially expected. The significance of the transfers 
reaction is considered in the light of the present observations. Finally, i 
has been observed that the purified pea enzyme, in the presence of arsenat. 
ions and ADP, catalyzes a very rapid cleavage of glutamine to glutamat 
and ammonia. The relationship of this arsenolysis of glutamine to th 
glutamine synthesis system is discussed. 


Material and Methods 


Analytical Procedures—Phosphate was determined by the method ¢ 
Fiske and Subbarow (10). Hydroxamic acid was estimated according to 
Lipmann and Tuttle (11). 

Ammonia was determined by aeration into dilute sulfuric acid traps, fol- 
lowed by nesslerization (12). The sensitivity of this procedure was jn. 
creased by reducing the final volume to 12 ml. and by employing the Klett- 
Summerson photoelectric colorimeter with a 420 mu filter. Under thes 
conditions, 0.1 um of ammonia was readily detected. 

L-Glutamate was determined by decarboxylation with Lscherichia coli 
(strain W), cells being grown as described previously (13), and treated with 
acetone’ as follows. 1 gm. of lyophilized cells was suspended in 10 ml. of 
ice water and added to 190 ml. of cold (0°) acetone. After standing at 5 
for 30 minutes, the suspension was filtered. The cells were washed with 
cold acetone and dried in vacuo over phosphorus pentoxide. The deter. 
mination of L-glutamate was carried out with 5 to 10 mg. of the dried 
acetone-treated cell preparation under conditions previously described (14). 
p-Glutamate, p-glutamine, and L-glutamine were not decarboxylated un- 
der the conditions employed, and excellent recoveries of 1 um of 1-gh- 
tamate were obtained in the presence of 10 times this quantity of 1-gh- 
tamine. 

ATP was estimated enzymatically with glucose, hexokinase, glucose-6- 
phosphate dehydrogenase, and TPN (15). Aliquots for the determination 
of ATP were withdrawn after terminating incubations by immersing the 
tubes in boiling water for 1 to 2 minutes. The values obtained were 
compared with those for standard ATP added to blank tubes and treated 
in similar fashion. 

Chromatography was carried out with Whatman No. 4 paper. Ascend- 
ing chromatograms were developed‘ in (a) formic acid, water, and tertiary 
butyl alcohol (15:15:70) and (6) phenol saturated with 10 per cent aque- 

ous sodium carbonate. The Rr values for glutamate and glutamine in 


3 Acetone treatment destroys the glutaminase activity of the cells without ap- 
preciable effect on the glutamic decarboxylase. The authors thank Dr. Victor 
Najjar for suggesting this procedure. 

4 We are indebted to Dr. Herbert A. Sober for suggesting these solvents. 
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these solvents were respectively 0.38 to 0.47 and 0.25 to 0.33 with (a), and 
0,15 to 0.24 and 0.60 to 0.70 with (6). In solvent (6), glutamate gave an 
additional spot (Rr, 0.25 to 0.40) in the presence of imidazole, which prob- 
ably may be ascribed to salt formation between this base and glutamate. 

Reaction Rates—The rate of glutamine synthesis was determined by es- 
timating inorganic phosphate liberated in a suitable aliquot of the following 
incubation mixture: 50 um of magnesium chloride, 50 um of monosodium 
gutamate, 10 um of ATP, 100 um of ammonium chloride, 25 um of 8-mer- 
captoethanol,® 100 um of imidazole buffer, pH 7.0, and enzyme, in a volume 
of 1.0 ml. Incubation was carried out at 37° for an interval sufficient to 
yield 0.5 to 1.5 wm of phosphate. Blanks consisting of measurements on 
the complete system without glutamate were subtracted. 

The rate of the reverse'reaction was determined under similar conditions 
with 50 um of L-glutamine, 10 um of ADP, and 50 uM of potassium phos- 
phate at pH 7.0 instead of glutamate, ATP, and ammonium chloride. 
The reaction was stopped by the addition of 1.0 ml. of 5 per cent trichloro- 
acetic acid, and ammonia was determined in the digests. Blank observa- 
tions were made on the complete system, except for the omission of ADP. 
Experiments were designed to effect the formation of 0.5 to 1.0 um of 
ammonia. 

y-Glutamylhydroxamic acid synthesis »2s followed under conditions 
similar to those described for glutamine synthesis, with 100 um of neutral- 
id hydroxylamine hydrochloride replacing ammonium chloride. The 
color value of the y-glutamylhydroxamic acid formed was compared with 
that given by an authentic sample, prepared chemically as described below. 

Enzyme Preparation—Elliott’s procedure for the purification of extracts 
of green pea seeds (5) was followed to the second ammonium sulfate pre- 
cipitation and dialysis (Stage 6). This yielded an active preparation 
which was stable when stored at —30°, but which contained appreciable 
adenylate kinase activity. Nearly all of this activity was removed in the 
following manner: 3.5 ml. of the enzyme solution at 0° were adjusted to 
pH 5.4 by the addition of 0.1 to 0.3 ml. of 0.2 N acetic acid. The resulting 
precipitate was immediately centrifuged at 0°, suspended in 2.9 ml. of cold 
water, and dissolved by the addition of 0.1 ml. of 0.5 m sodium bicarbonate. 
Several such preparations contained 2.5 to 3.0 mg. of protein N per ml., 
and effected the synthesis of L-y-glutamylhydroxamic acid or L-glutamine 
at a rate of 900 to 1200 um per hour per mg. of N under standard test con- 


*8-Mercaptoethanol (Eastman Kodak Company), characterized by iodometric 
titration, was as effective as cysteine in fulfilling the requirement for a sulfhydryl 
compound. The advantages of this reagent over cysteine include greater stability 
in neutral solution and failure to be visualized on paper chromatograms sprayed 
with ninhydrin. 
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ditions. There was no appreciable ATPase activity under the condition 
employed in these experiments. The most highly purified enzyme fractig, 
lost one-third of its activity during 2 weeks storage at —30°; therefore the 
bulk of the preparation was stored at the preceding stage. 

Amino Acids—Most commercial samples of L-glutamine have been found 
to contain at least traces of arginine and asparagine, and, even after r. 
peated crystallization, to contain between 0.5 and 3 per cent of L-glutamic 
acid. The .t-glutamine used in the present study (obtained from the 
Nutritional Biochemicals Corporation) was crystallized three times from 
hot (60°) water, and then purified by a chromatographic procedure to be 
described elsewhere. The final product was free of glutamic acid, a 
determined chromatographically and enzymatically. 

Generous samples of the optical isomers of glutamic acid (16), prepared 
by enzymatic resolution of the corresponding racemates, were kindly do 
nated by Dr. J. P. Greenstein. L-Glutamic acid, obtained from the Nutr. 
tional Biochemicals Corporation and crystallized from hot water, was used 
in some experiments. D-Glutamic acid was also obtained by the action of 
Clostridium welchii (14) on pi-glutamate (17). p-Glutamine was prepared 
via carbobenzoxy-pD-glutamic acid y-ethyl ester (18) and was purified chro 
matographically.6 The p-glutamate and p-glutamine used in these studies 
were found to contain less than 0.1 per cent of the corresponding L isomers 
(19). 

L-y-Glutamylhydrazide and L-y-glutamylglycine ethy] ester were pre- 
pared according to Le Quesne and Young (20). The preparation of L-e 
aminoadipamic acid (homoglutamine) will be described elsewhere.* 

The preparation of L-y-glutamylhydroxamic acid from .L-glutamic acid 
y-ethyl ester in our hands led to poor yields of products of low punity. 
Pure L-y-glutamylhydroxamic acid was prepared as follows. 4 gm. of 
' earbobenzoxy-L-y-glutamylhydrazide were converted to the corresponding 
azide (20) and added to 400 ml. of a hydroxylamine solution in methanol, 
prepared from 2 gm. of hydroxylamine hydrochloride (21). After standing 
at room temperature for 6 hours, the solution was evaporated to dryness 
in vacuo, and the residue was dissolved in a small volume of warm meth- 
anol and filtered. 10 volumes of ether were added and the solution was 
allowed to stand at —10° for 18 hours. This procedure resulted in the 
precipitation of crystalline carbobenzoxy-L-y-glutamylhydroxamic acid 
(calculated, N 9.5; found, N 9.3; m.p. 171°). The carbobenzoxy group 


was removed by catalytic hydrogenation with palladium catalyst, and the | 


product was crystallized from 50 per cent ethanol; m.p. 154° (154° (22)). 
6 Meister, A., J. Biol. Chem., in press. 
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The yield was 730 mg. or 51 per cent, based on the hydrazide. CsHioOQsN2, 
ealculated,”? C 37.0, H 6.2, N 17.3; found, C 36.7, H 5.9, N 17.4. 

Other Compounds—Disodium ATP, sodium ADP, AMP, and hexokinase 
were obtained from the Pabst Laboratories. Glucose-6-phosphate de- 
hydrogenase and TPN were obtained from the Sigma Chemical Company. 

Isolation of Enzymatically Synthesized p-Glutamine—A mixture, contain- 
ing 2.72 mM of p-glutamic acid, 5.44 mm of ammonium chloride, 2.72 mm 
of ATP, 1.55 mo of magnesium chloride, 3.1 mm of 6-mercaptoethanol, and 
ml. of purified pea enzyme containing 2.8 mg. of N per ml., was adjusted 
to pH 7.0 with m sodium hydroxide and incubated at 37°. Sodium hy- 
droxide was added at intervals during incubation in order to maintain a 
oH of 7.0 + 0.2. After 6.5 hours, the mixture was brought to pH 4.6 
with acetic acid, about 1 gm. of Norit was added, and the precipitated 
protein was removed by filtration. The clear filtrate (34 ml.) was cooled 
to 5° and added to the top of a well washed Amberlite XE-64 column in 
theacid form (height, 167 cm.; diameter, 2.5 cm.). Elution was carried out 
at 5° with water, and fractions of 40 to 45 ml. were collected every 30 
minutes. All of the inorganic phosphate, chloride, glutamate, and 8-mer- 
eaptoethanol and about 90 per cent of the mucleotide were collected in the 
frst thirteen tubes. Fractions 14 to 20 inclusive were combined and evap- 
orated, yielding 300 mg. of a product containing about 70 per cent glu- 
tamine and approximately 30 per cent nucleotide (based on ultraviolet 
absorption at 260 mu). This material was rechromatographed as described 
above, and the fractions containing glutamine were combined and evapo- 
rated. The material was treated with Norit and recrystallized twice from 
hot (60°) water by addition of alcohol, yielding 171 mg. of a white crystal- 
line product containing less than 1 per cent nucleotide and exhibiting paper 
chromatographic behavior (in six solvents) identical with that of an au- 
thentic sample of glutamine. (Cs5H1903N2, calculated, N 19.2; found, N 19.1. 
lal” —6.5° (3.72 per cent in water). The product contained no detect- 
able glutamate and less than 0.1 per cent L-glutamine, as determined with 
C. welchit decarboxylase (14, 19). The product was distinguished from 
isoghutamine by paper chromatography in a solvent‘ consisting of methyl- 
ethyl ketone (16 parts), tertiary butanol (16 parts), formic acid (0.1 part), 
and water (3.9 parts). 


EXPERIMENTAL 


Qualitative Chromatographic Studies—In the course of determining op- 
timal conditions for the isolation of enzymatically synthesized glutamine 
Pei microanalyses were performed by Mr. Robert J. Koegel and Dr. William C. 
ord. 
‘lal, for L-glutamine is reported to be +6.0° to +6.1° (23). 
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(6), it was noted that the reaction did not proceed to completion, despite 
prolonged incubation with large quantities of enzyme. In an attempt to 
clarify this observation, the three products of the reaction, L-glutamine. 
ADP, and inorganic phosphate, were incubated with enzyme under cond. 
tions similar to those employed in the forward reaction. The formation of 
appreciable amounts of glutamate was observed on paper chromatogram; 


of the reaction mixtures. All three products of the forward reaction, Mg+ 
TABLE I 
Equilibrium Starting with L-Glutamine, ADP, and Phosphate* 
Added initially Equilibrium values 
Ph Gluta Phospha 
uM uM uM pM uM uM uM 
37 7.0 10 10 10 0.87¢ | 0.86¢ | 0.90§ | 0.85] | 1.2 
37 7.0 10 10 30 1.2 1.2 
37 7.0 10 20 30 1.5 1.3 
37 6.0 10 10 10 1.2 0.40 
37 7.9 10 10 10 0.31 3.0 
22 7.0 10 10 10 0.769 1.8 


* The reaction mixtures also contained 50 um of MgCl., 25 um of 8-mercapto- 
ethanol, 100 um of imidazole or tris(hydroxymethyl)aminomethane buffer, and puri- 
fied pea enzyme containing 15 to 150 y of N in a final volume of 1.0 ml.; incubated 
for 90 to 180 minutes. Attainment of equilibrium was confirmed by obtaining sev- 
eral consecutive unchanged values. Identical values were obtained with 10 to 1 
uM of MgCl, and with 5 um of MnCl, in place of MgCl. 

t Average of two determinations (0.87, 0.87). 

t Average of nineteen determinations (range 0.78 to 0.95). 

§ Average of five determinations (range 0.76 to 0.94). 

|| Average of four determinations (0.77, 0.93, 0.90, 0.80). 

q Average of two determinations (0.77, 0.74). 


or Mn++, and enzyme were absolutely required for glutamate formation, 
thereby differentiating the reaction from a hydrolytic cleavage of glu- 
tamine. AMP was ineffective when substituted for ADP. 

Equilibrium Measurements—Table I summarizes the equilibrium values 
obtained starting with L-glutamine, ADP, and phosphate under various 
conditions. The enzyme preparation employed was free of appreciable 
ATPase or adenylate kinase activity under the conditions of the exper- 
ments. Four of the six participants in the equilibrium were determined, 
conditions at equilibrium being unfavorable for the precise measurement 
of ADP and glutamine. Glutamine synthesis is associated with equimolar 
uptake of ammonia and formation of inorganic phosphate (1). The pres- 
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ent data indicate that glutamate formation in the reverse reaction is accom- 
panied by the reciprocal equimolar uptake of phosphate and formation of 


|ammonia. ‘The phosphate taken up is fixed as ATP. 


Most of the equilibrium measurements Were carried out at 37° and pH 
70. Under these conditions, starting with 10 um each of glutamine, ADP, 
and phosphate, 0.86 + 0.01 um of glutamate, ATP, and ammonia’ were 
jrmed. ‘This value represents the average of 30 individual determinations 
of glutamate, ATP, or ammonia, or of phosphate uptake, with values 
ranging from 0.78 to 0.95 um. From these data, K = 1.2 X 10%.1° The 
same equilibrium constant was obtained when ADP and phosphate con- 
entration were varied. Moreover, no change in the constant was noted 
with various concentrations of Mgt* over a 10-fold range, or when Mn++ 
was substituted for Mgt*. No change in the value of the equilibrium 
constant was observed with 10 times the usual quantity of enzyme (Ta- 
ble I). 

The pH of the reaction had considerable influence on the position of 
equilibrium. From pH 6.0 to 7.9, the range over which the enzyme is 
suficiently stable and active to permit measurement of the equilibrium, 
K varied from 0.4 X 10% to 3.0 X 10%. On the other hand, the effect of 
temperature was comparatively small (Table I). Under appropriate con- 
ditions with relatively large amounts of L-glutamine and phosphate, the 


. | ADP present in the system could be almost entirely converted to ATP 
(Table IT)."! 


Rate of Reverse Reaction—Under conditions analogous to those employed 
for estimating the rate of glutamine synthesis, the reverse reaction occurred 
at an initial rate of 130 um per hour per mg. of N, or about one-eighth as 
rapidly as the forward reaction. The relative effectiveness of the activat- 
ing cations was the same in both directions; the maximal rate with Mn++ 
in each instance was about one-quarter that with Mgt+. The rate of the 
back-reaction was increased only about 10 per cent in the presence of 
0.025 m 8-mercaptoethanol. In contrast, the rate of the forward reaction 
was doubled with a similar concentration of B-mercaptoethanol. 

Equilibrium Measurements with Forward Reaction—Attainment of equi- 
librium, starting with t-glutamate, ATP, and ammonia, was attended by 
certain experimental difficulties (Fig. 1). The reaction, initially rapid, 


*Mean + standard deviation +~/Zd?/(n(n — 1));n = 30. 

= ([glutamine] [ADP] [orthophosphate])/([glutamate] [ATP] [ammonium]), 
when the concentrations of the reactants are taken from actual experimental data, 
which measure the sum of all ionic forms of each substance present. 

" This experiment was primarily designed to demonstrate conversion of ADP to 
ATP, and the data are not suitable for accurate calculation of the equilibrium con- 
stant. Because of the low nucleotide concentration, small errors in the determina- 
tion of ATP would obviously have a large effect on the calculated constant. 
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became very slow near the equilibrium point, despite the addition of relg. 
tively large quantities of enzyme. For this reason, it is probable that the 
experimentally determined values for L-glutamate, ammonia, ATP, and 


II 
Conversion of ADP to ATP Associated with Reversal of Glutamine Synthesis* 


Added initially 
Conditions _ ATP formed 

L-Glutamine | Phosphate ADP | 
uM uM uM uM 
Complete system...................... 25 25 0.20 0.19 

25 25 0.20 0 

Complete systemf..................... OT 25 0.20 0.02 


* The reaction mixtures contained 100 um of imidazole buffer (pH 7.0) and 60 , 
of pea enzyme N; 6-mercaptoethanol was omitted. The other conditions were as 
described in Table I. The incubation period was 125 minutes at 37°. 

Tt With 25 um of p-glutamine instead of L-glutamine. 


60 120 180 


MINUTES 


Fig. 1. Synthesis of glutamine and reversal of synthesis; equilibrium approached 
from both directions. The reaction mixtures contained initially 50 um of MgCle, 25 
uM of B-mercaptoethanol, 100 um of imidazole buffer (pH 7.0), and purified pea en- 
zyme (30 y of N) in a final volume of 1 ml. Additional enzyme (150 y of N) was 
added at Point A. O, L-glutamate, ammonia, and ATP, 10 uM each, initially;@, 
L-glutamine, phosphate, and ADP, 10 uM each, initially. 


phosphate (Table III) are a less reliable index of the position of the equ- 
librium than are the data obtained when equilibrium is approached from 
the opposite direction. The average final value for L-glutamate, ammonia, 
and ATP, starting with 10 um each of these reactants, was 1.0 um, compared 
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io 0.86 wm starting from glutamine, ADP, and phosphate. These results 
are in reasonably close agreement and lead to equilibrium constants of 
0.73 X 10? and 1.2 X 10%, respectively. 

Studies with Various Substrates—Since hydroxylamine and hydrazine can 
replace ammonia in the glutamine synthesis system, L-y-glutamylhydrox- 
amic acid and t-y-glutamylhydrazide,” the respective products, were 
tested as substrates for the reverse reaction. In each case, the formation 
of only a trace of glutamate was observed on paper chromatograms of the 
reaction mixtures. D-Glutamine, which is a poor substrate for the glu- 
tamyltransferase reaction (6), likewise yielded only a barely perceptible 
trace of glutamate in the reverse reaction. Attempts to obtain equilibrium 


TaBLeE III 
Equilibrium Starting with u-Glutamate, ATP, and Ammonia* 


Added initially Equilibrium values 
rGlutamate|  NHs ATP 1-Glutamate NH; ATP 
pa uM uM uM uM uM uM 
10 10 10 1.1 1.0f 0.87} 8.9§ 


* All incubations were carried out at 37° and pH 7.0. NH; was added as ammon- 
jum chloride. Otherwise, conditions were as described in Table I. 

t Average of three determinations (1.1, 1.2, 0.80). 

t Average of two determinations (0.76, 0.97). 

§ Average of two determinations (9.2, 8.5). 


values starting with p-glutamate were not successful because the rate of the 
reaction falls off rapidly. 

Arsenolysis of Glutamine—When glutamine, ADP, and the purified en- 
lyme preparations were incubated in the presence of arsenate instead of 
phosphate, the formation of glutamate and ammonia continued until all of 
the glutamine had been utilized (Fig. 2). The reaction required a divalent 
cation, and Mn++ was more effective than was Mgt*. Although the arseno- 
lysis occurred at an appreciable rate in the presence of catalytic amounts 


2 The specificity of the glutamine synthesis system with respect to the amine 
appears to be broader than has been described (5). In agreement with Speck (1), 
we have observed that methylamine can replace ammonia, yielding y-glutamy]l- 
methylamide. The product was identified chromatographically by comparison with 
an authentic sample. No glutamine was formed. With large amounts of enzyme 


and long periods of incubation, a slow reaction with other amines can be demon- 
strated. For example, with glycine ethyl ester, y-glutamylglycine ethyl ester was 
synthesized and chromatographically identified. y-Glutamylmethylamide can also 
be formed by the transferase reaction, with L-glutamine and methylamine as sub- 
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of arsenate, this reaction was considerably more rapid when the concep. 
tration of arsenate was equivalent to that of glutamine (Fig. 3). The 
reaction was fully activated by very low concentrations of ADP (Fig, 4), 
In the absence of added ADP, the reaction proceeded at a very slow but 
definite rate. In view of the small quantities of ADP required to activate 


z 
2] 
ARSENATE 
{ OMITTED 
100 200 #300 


MINUTES 
Fic. 2. Time-course of the arsenolysis of L-glutamine. The reaction mixtures 
contained 5 um of MnCle, 10 um of L-glutamine, 1 um of sodium ADP, 5 uM of potas- 
sium arsenate adjusted to pH 8.0, 25 um of 8-mercaptoethanol, 100 um of imidazole 
buffer, pH 7.0, and purified pea enzyme (90 y of N) in a final volume of 1.0 m1; in- 
cubated at 37°. 
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Fic. 3. Effect of arsenate concentration on the rate of arsenolysis of L-glutamine. 
The rate is expressed as micromoles per hour per mg. of N. The reaction mixtures 
contained 5 um of MnCl, 10 um of L-glutamine, 1 um of sodium ADP, 100 um of imid- 
azole buffer (pH 7.0), and purified pea enzyme (50 y of N) in a final volume of 1.9 
ml.; incubated for 10 minutes at 37°. The rates are based on experiments in which 
less than one-third of the glutamine was utilized. 

Fic. 4. Effect of ADP concentration on the rate of arsenolysis of L-glutamine. 
The reaction mixtures contained 5 um of MnCls, 10 um of L-glutamine, 5 uM of po- 
tassium arsenate adjusted to pH 8.0, 100 um of imidazole buffer (pH 7.0), and pur- 
fied pea enzyme (12.5 y of N) in a final volume of 1.0 ml.; incubated for 30 minutes 
at 37°. 
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the arsenolysis, this phenomenon may reflect the presence of a trace of 
ADP in the reaction mixture. 

Under conditions similar to those employed in the reversal of glutamine 
synthesis, with 50 um of glutamine present initially, with 0.01 m arsenate 
in place of the phosphate, and with catalytic amounts of ADP, arsenolysis 
occurred at a rate of about 100 um per hour per mg. of N. With 0.005 m 
Mn+ instead of 0.05 m Mgt present, the rate was approximately seven 
times faster and approached the maximal rate of glutamine synthesis with 
this enzyme preparation. 

ATP could fulfil the nucleotide requirement, although it was less effec- 
tive than ADP, while AMP was much less effective. The reaction was 
strongly inhibited by phosphate. With 0.0025 m phosphate, there was a 
66 per cent reduction of the reaction rate. 

When L-glutamine was replaced by p-glutamine, the reaction was about 
1000-fold slower. A similar slow arsenolysis of L-y-glutamylhydroxamic 
acid and L-y-glutamylhydrazide was also observed by chromatographic 
detection of the small amounts of glutamate formed. 1L-a-Aminoadipamic 
acid (homoglutamine) was inert under these conditions. 


DISCUSSION 


An equilibrium constant of 1.2  10* for the glutamine synthesis system 
at pH 7.0 and 37° implies a difference of — 4300 calories between the stand- 
ard free energies of hydrolysis of ATP and glutamine." The proposed 
value of about — 10,500 calories for ATP (24, 25) has found wide accept- 
ance, although revision of this value has been suggested (26, 27). We are 
unaware of any direct determination of the free energy of hydrolysis of 
glutamine, although it has been stated that it probably does not differ 
substantially from that of an ordinary peptide bond; 7.e., about —3500 
calories (28). Assuming this, we estimate about —8000 calories for the 
hydrolysis of ATP. Alternatively, the free energy for forming glutamine 
may be higher than is currently supposed. Obviously, precise determina- 
tion of this value would be necessary before a reliable value for ATP can 
be derived from the present data. 

It has been shown previously that the purified glutamine synthesis sys- 
tem also catalyzes the conversion of glutamine to the corresponding hy- 
droxamic acid (5, 9). Stumpf eé al. observed that the rate of the latter 
reaction was increased in the presence of arsenate and also that small 
amounts of glutamate were formed when hydroxylamine was omitted (29). 
This last reaction has now been studied in some detail and has been found 
to be quite rapid with the pea enzyme, occurring at a rate comparable to 
that of glutamine synthesis with the same enzyme preparation. 

The related reactions catalyzed by the purified enzyme preparation 


4 See the ‘‘Appendix”’ for a detailed consideration of the energetics of the system. 
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demonstrate some features in common, as well as intriguing differences, 
All require either Mgt* or Mn** for activity, and in the glutamine synthe. 
sis system, in either direction, Mg** is considerably more effective, |; 
both the transferase and arsenolysis reactions, Mn++ is more effective thap 
Mgtt. Since the synthesis system requires stoichiometric amounts of 
nucleotide, while the latter two reactions are fully activated at very loy 
nucleotide concentrations, it is possible that the relatively different effects 
of the cations reflect quantitative differences in the interaction of cation, 
nucleotide, and enzyme (27, 30). 

Granting some such explanation for the differences in metal activation, 
a close parallel appears between the transferase reaction and the reversal of 
glutamine synthesis. Since both reactions require both ADP and phos 
phate, the transferase reaction may be visualized as reversal of synthesis, 
followed by reaction of the ATP and glutamate formed with hydroxyl. 
amine, regeneration of ADP and phosphate, and repetition of the cyele. 
It follows, therefore, that enzyme preparations catalyzing glutamine syn- 
thesis should invariably possess transferase activity. This has proved true 
in every instance which has been investigated (5, 6, 9). 

This interpretation of the transferase reaction explains the requirement 
for both ADP and phosphate, but appears to exclude formulation of the 
mechanism of the glutamine synthesis reaction as three consecutive reac- 
tions analogous to those proposed for the ATP-acetate-coenzyme A reac- 
tion (31). If such a mechanism were operative, it appears that either 
ADP or phosphate would not be required for the transferase reaction." 

The arsenolysis of glutamine with the purified enzyme also requires 
nucleotide and, like the transferase reaction, it is fully activated by very 
low concentrations of ADP. This observation, as well as the acceleration 
of transferase in the presence of arsenate (29), suggests the close relation- 
_ ship of the arsenolysis to the transferase and glutamine synthesis systems. 
Although there is no evidence presently available on the mechanism of the 
arsenolysis, as a working hypothesis one may visualize the reaction as 


14 Experiments with the purified pea enzyme, measuring the incorporation of 
radioactive phosphate into ATP, were carried out in a manner analogous to those 
described by Jones et al. (31) and Snoke (32) with the enzymes catalyzing the ATP- 
acetate-coenzyme A reaction and glutathione synthesis respectively. Under condi- 
tions bringing about a small (3 to 5 per cent) incorporation of the added radioactive 
phosphate into ATP, the addition of L-glutamate resulted in a 10-fold increase in 
the amount incorporated. On the other hand, the addition of p-glutamate or D-e- 
aminoadipate had no effect on the incorporation. The addition of ammonia also 
failed to increase the amount of radioactive phosphorus incorporated. The dis- 
parity between the effects of u-glutamate, on the one hand, and p-glutamate and 
D-a-aminoadipate, on the other, is striking in view of the fact that all these com- 
pounds are active substrates for the enzyme (6). Experiments are continuing with 
the view of elucidating these observations, and their possible implications with 
respect to the mechanism of the synthesis of glutamine. 
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reversal of glutamine synthesis with phosphate replaced by arsenate. The 
reaction is displaced in the direction of glutamate formation through the 
formation of an unstable intermediate arsenate compound which undergoes 
spontaneous hydrolysis (33-35). 

In view of the present findings, it is possible to conclude that the syn- 
thesis, transferase, and arsenolysis reactions are catalyzed by the same 
enyme system.. Proof of this concept must await elucidation of the 
mechanism of the reactions and identification of the intermediates involved. 


SUMMARY 


1. The enzymatic synthesis of glutamine has been demonstrated to be a 
reversible reaction. At 37° and pH 7.0, with a purified pea enzyme, K = 
12 X 10%. This value implies a difference of —4300 calories between the 
standard free energies of hydrolysis of glutamine and ATP. Assuming the 
value for glutamine to be —3500 calories, we estimate about —8000 calo- 
ties for the free energy of hydrolysis of ATP. 

2. The purified enzyme also catalyzes rapid arsenolysis of glutamine, 
as well as conversion of glutamine to y-glutamylhydroxamic acid. The 
present findings are in accord with the concept that both of these reactions, 
as well as glutamine synthesis, are catalyzed by the same enzyme system. 

3. The synthesis of both isomers of glutamine from the respective iso- 
mers of glutamic acid is catalyzed by the purified enzyme, and the isolation 
of enzymatically formed p-glutamine ([a];° —6.5°) is described. Other 
studies on the specificity of the enzyme system were performed. 

4, A new method of preparation of L-y-glutamylhydroxamic acid is 
given. 

APPENDIX 


We are indebted to Dr. Manuel F. Morales, of the Naval Medical Re- 
search Institute, for the following discussion. It has been shown above 
that, at 37° and neutral pH, the enzymatically catalyzed reaction of glu- 
tamate and ammonium with ATP reaches an equilibrium with the prod- 
ucts glutamine, ADP, and orthophosphate, and that the equilibrium ratio 
of products to reactants (referred to concentrations in moles per liter) has 
the value, K; = 1.2 X 10%. It follows from this that in the future we 
shall have to revise either the current estimate of the standard free energy 
of glutamine synthesis or, what is more probable, that of ATP dephos- 
phorylation. 

Equation 1 can be considered to be the sum of two independent equilib- 
nia, involving the only important species which exist near neutrality: 


(3) Glutamate + glutamine + H.0 
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L 
(4) H.O + ATP* — ADP? + HPO; 
+ K | | + 
Ht Ht Ht 


ADP* 


If one defines 
K” = Lf 

(5) f = (1+ K:*)(1 + 1/K;*)/(1 + 1/K,*) 
K;* = = 1,23 

it follows that 

(6) Kr = K’'K” 


Substituting into Equation 6 the experimental value of Kyo, we deduce 
that?® 


(7) AF + = —4300 calories 


K’ has not been measured, nor do existing data permit a direct computation 
of AF’s1o. At the suggestion of Professor Henry Borsook we have com- 
puted from his data a value of 3560 calories for the analogous standard 
free energy of forming asparagine. If one assumes 3600 calories as a 
reasonable upper limit for AF’3:9, Equation 7 leads to the conclusion that 
the standard free energy of dephosphorylating ATP is 


(8) AF’ 319 = —7900 calories 


The value of AF°’»3 egtimated by Oesper (25), when corrected to 37°, 
' with the AH” given by the same author (actually, the temperature correc- 


15 Some question may arise in the reader’s mind as to the physical meaning of the 
AF® corresponding to a complex equilibrium constant such as K”. For example, 
in Equation 4, AF°” is the free energy change of converting 1 mole of mixture (ATP*, 
ATP*) at equilibrium in acidity [H+] into 1 mole of ATP* at acidity [H+], plus the 
free energy of converting this mole of ATP* and 1 mole of HO (at 55.5 moles per 
liter) into 1 mole of ADP* and of HPO,?-, both at acidity [H*], plus the free energy 
of converting mole of ADP? at acidity [H+] into 1 mole of mixture (ADP*, 
ADP*-), at equilibrium in acidity [H+], plus the free energy of converting 1 mole of 
HPO,?- into 1 mole of mixture (HPO,?-, H:PO,-) at equilibrium in acidity [H*]. Al- 
though this interpretation is cumbersome, it is well to realize that it is precisely this 
type of AF° which is commonly measured in circumstances under which the analyti- 
cal methods indicate only total concentration of each species; e.g., Equation 9 below. 
Similar considerations have heen discussed in an earlier treatment of the ATP-ADP 
equilibrium (36). 
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tion is small, within wide limits of AH”), leads to 
(9) AF°’’ 319 = —10,400 calories 


The discrepancy between Equations 8 and 9 suggests either that the mag- 
nitude estimated in Equation 9 is too high,'® as has already been proposed 
(26, 27), or that AF®°’s:9 is anomalously greater than 3600 calories. 

The pH-dependence of K; resides exclusively in f. For example, start- 
ing with equimolar amounts of products, the per cent reversal of the over- 
all reaction (the sum of Equations 3 and 4) is 


(10) P = 100/K? 


from which it follows that, approximately, P is inversely proportional to 
f_ Alberty e¢ al. (38) have measured Ki, K2, and Ks, from which f can 
be computed for any pH by Equation 5 for 25°." When this is done, one 
may compare the theoretical with the experimental P (pH). Theoreti- 
ally, P (6.0) = 1.52 P (7.0), and P (8.0) = 0.50 P (7.0); experimentally, 
P (6.0) = 1.38 P (7.0), and P (7.9) = 0.36 P (7.0). This is reasonable 
agreement, and again indicates that the reaction under study is at a true 


equilibrium. 
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RELATIONSHIP OF ENZYME CONCENTRATION TO 
SUBSTRATE CHANGE DERIVED FROM 
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A method for the measurement and comparison of enzyme activities by 
means of substrate changes at any stage of a reaction was recently pro- 
posed (1) in the form of the following equation. 


Activity of unknown enzyme preparation = = x = (1) 
E,’ is the concentration of the unknown enzyme preparation which pro- 
duces an observed change, S2, in the substrate in a stated time, T. EE, is 
the concentration of a reference enzyme preparation which would produce 
this observed change in the same stated time, 7’, and E, is the concentra- 
tion of the reference enzyme preparation that produces an arbitrary but 
conveniently chosen change, S;, in the time, 7. The method, therefore, 
employs a reference curve which is constructed by determining the amounts 
of substrate changed in time, 7’, by various concentrations of an arbitrarily 
chosen preparation of the enzyme. For this purpose different amounts of 
an enzyme preparation of sufficiently great activity must be available in 
order that appropriate dilutions may, in the stated time, give changes in 
the substrate ranging from several per cent to practically 100 per cent of 
its initial concentration. Sometimes it may be necessary to use several 
preparations of the enzyme and superimpose the activities upon one curve 
in the manner previously described (1). 

The aim of the present paper is to show that such a reference curve may 
also be derived theoretically from an ordinary kinetic or time-change curve 
at any concentration of the enzyme, thus permitting the use of a small 
amount of even a weak preparation of enzyme. This relationship is de- 
veloped mathematically and is then confirmed by data on the action of 
serum phosphohexose isomerase. 


EXPERIMENTAL 


Human sera were used as the source of phosphohexose isomerase activ- 
ity. The enzyme activity was determined by following the formation of 
fructose-6-phosphate from 0.002 m glucose-6-phosphate at the optimal 
range of pH 7 to 8 and at 37°, as described previously (1, 2). 
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Results 


Theoretical—For enzyme preparations under conditions in which the 
time-change curve has the same mathematical form at different concentra. 
tions of the enzyme, the product of the enzyme concentration and the time 


120F 
ool 
g8 0 
60r 
“eg x 
aa 
20r - 


003 006 .009 O18 O21 024 027 0” 
CONCENTRATION OF SERUM 

CC. PER CC. OF REACTION MIXTURE 


Fic. 1. Experimental confirmation of Equation 6. The curve represents the rela- 
tionship of the enzyme concentration-substrate change constructed from values 
(O) actually obtained at various concentrations of serum. X and @ represent the 
calculated values from time-change curves at, respectively, 0.005 and 0.01 cc. of 
serum per cc. of reaction mixture. 


required to effect a stated change in the substrate is constant (3-5), 
K= txE (2) 


where ¢ is the time necessary to produce a change, S, in the substrate at 
any concentration, H, of an enzyme preparation. At S = Sy, 


Kn = tl, X E, (3) 
At the stage, S,, and for time, 7’, 
K, = (4) 


where Ej, as noted above, is the concentration of enzyme which would 
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produce the observed change, S,, in the stated time, T. Combination of 
Equations 3 and 4 yields 


(5) 
or 
E 
(6) 


Equation 6 indicates that in any reaction time-course at enzyme concen- 
tration H,, the various times, ¢,,, tn,, etc., required to produce the corre- 


TABLE I 
Time-Course of Serum Phosphohexose Isomerase Action 
Concentration of glucose-6-phosphate, 0.002 m;* temperature, 37°; optimal pH, 
7.4 to 7.5. 


0.005 cc. serum per cc. reaction mixture 0.01 cc. serum per cc. reaction mixture 
Amount of fructose : Amount of fructose ‘ 
Cc f Con f 
Tine | trocone-| | ‘Time | ford gs fractone-| 
reaction mixture uation 6 reaction mixture — _ Equation 6 
min. ce. min. ce. 
10 16 0.0017 5 22 0.0017 
20 36 0.0033 10 36 0.0033 
30 51 0.0050 15 51 0.0050 
60 81 0.0100 20 63 0.0067 
9 109 0.0150 25 74 0.0083 
120 116 0.0200 30 84 0.0100 
180 138 0.0300 45 104 0.0150 
60 125 0.0200 


* Since the equilibrium mixture consists of 40 per cent fructose-6-phosphate and 
60 per cent glucose-6-phosphate, the maximal amount of fructose-6-phosphate that 
can be formed is 144 y per cc., expressed as fructose. 


sponding changes, S,,, Sn,, etc., in the substrate are multiplied by F/T 
to give Ey,, Ey,, etc. The values S,,, S,,, etc., are then plotted against 
E,,, E»,, etc., to yield a relationship of an enzyme concentration to sub- 
strate change which may be used as a reference curve for Equation 1. 
Experimental Confirmation of Equation 6—The amounts of glucese-6- 
phosphate changed in 30 minutes were determined at several concen- 
trations of a serum, and these values were plotted as shown in Fig. 1. 
The time-course of the reaction was then determined at 0.005 cc. of serum 
per cc. of the reaction mixture during a period of 180 minutes (Table I). 
The concentration of serum that would produce the various amounts of 
substrate change in 30 minutes was calculated from this time curve in ac- 
cordance with Equation 6 (Table I). These calculated values were plotted 
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on Fig. 1 and were found to be in agreement, within experimental error, 
with the relationship actually determined. The time-course of the reac. 
tion was also followed at a higher concentration of serum, 0.01 cc. per ce, 
of reaction mixture, and the values calculated from these results were again 
found to fall on the experimentally determined curve in Fig. 1. The par. 
ticular curve is of the same mathematical form as the reference curve for 
serum phosphohexose isomerase presented previously (1), and the two 
curves are superimposable when the values for the enzyme concentration 
in Fig. 1 at various values for the ordinate are multiplied by the constant, 
1.62. 


DISCUSSION 


The method which was previously submitted (1) for the measurement 
and comparison of enzyme activities has the advantage that the activity 
may be expressed in terms of the amount of substrate changed at any stage 
within or beyond the initial zero order portion of the reaction. Low initial 
concentrations of substrates, particularly when these are rare or expensive 
substances, may thus be employed. The present work shows how the ref- 
erence relationship between enzyme concentration and amount of substrate 
changed in a stated time, which is involved in this method, may be readily 
derived from an ordinary time-change curve at any concentration of the 
enzyme preparation. The assumption implicit in this derivation, as in the 
equation for the expression of enzyme activity, is the identity in form of 
the time-change function with variation in concentration or source of the 
particular enzyme. 


SUMMARY 


The relationship between enzyme concentration and amount of sub- 
. strate changed at any stage of a reaction in a stated time has been shown 
to be theoretically derivable from a time-change curve at any concentra- 
tion of enzyme, and this derivation has been experimentally confirmed. 
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Despite a rapidly increasing store of analytical data, it has not proved 
possible to assign to the composition of pentose nucleic acids (PNA) a 
biological significance comparable to the specific differences in composition 
shown by the deoxypentose nucleic acids (DNA) from different species (1). 

This paper describes an investigation of the nucleotide composition of 
the total PNA of the sea-urchin Paracentrotus lividus during the first 48 
hours of embryonic development. This period is marked by intense mor- 
phogenesis and large and sometimes abrupt changes in the metabolic pat- 
tern, phenomena that may be forced into abnormal pathways by the ad- 
ministration of certain chemical agents, e.g. lithium ions (2). It was felt 
that, if the PNA composition has a bearing on these changes or is influenced 
by them, a study of this type could help in establishing a connection be- 
tween PNA and certain physiological processes. 

In view of reports (3) that, in the sea-urchin embryo, the rate of DNA 
synthesis does not parallel the rate of cell division, the DNA content at the 
several embryonic stages also was followed, in order to investigate this ap- 
parent deviation from the hypothesis postulating the constancy, within a 
species, of the quantity of DNA per cell nucleus (4-7). 


EXPERIMENTAL 
Material 


The preparations consisted of unfertilized eggs of P. lividus and of various 
embryonic stages, both normal and lithium-treated (8). After the ferti- 
lization of the eggs, which was almost 100 per cent effective according to 
microscopic examination, the embryos were cultured for the specified length 
of time at 22° in sea water or in sea water containing 0.05 volume of an 


* This work has been supported by research grants from the National Institutes of 
Health, United States Public Health Service, and from the Rockefeller Foundation. 

t Research Fellow of the United States Public Health Service. This report is in 
part from a dissertation submitted by David Elson in partial fulfilment of the re- 
quirements for the degree of Doctor of Philosophy in the Faculty of Pure Science, 
Columbia University. 
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isotonic Lit solution. They were then collected by centrifugation, washed 
with sea water, immediately frozen on a plate prechilled to —20°, and 
dried in vacuo. When further development of the embryos treated with 
lithium for 20 hours was desired, they were washed and transferred to 
fresh sea water. Three separate batches of normal embryos, prepared at 
different times, and one batch of Lit-treated material were analyzed. The 
embryonic stages are listed in Table II. 


Methods 


Extraction and Separation of PNA and DN A—In view of the large losses 
incurred during the purification of PNA, the nucleic acids were extracted 
in toto and separated by a modification of the procedure of Schmidt and 
Thannhauser (9); analyses were performed on these extracts. 

Each dry sample (20 to 200 mg.) was extracted for 1 hour, and washed 
once, with 7 per cent trichloroacetic acid at 0-3°. The residue was then 
subjected to five successive 10 minute extractions, once with 95 per cent 
ethanol at 0-3°, at room temperature three times with anhydrous ether- 
ethanol (3:1, volume by volume), and once with 95 per cent ethanol. 1 to 
2 cc. portions of the extraction fluids were used; all extractions were carried 
out with continuous stirring. The residue was suspended in about 1 ce. of 
water, brought to pH 13.0 to 13.5 with NaOH, and stirred at 30° for 16 to 
18 hours, conditions which are known to convert PNA to mononucleotides 
without the secondary deamination of cytidylic acid (10). The chilled 
solution was then acidified with HCl to pH 3.0 to 3.5 and centrifuged and 
the sediment washed once with cold dilute HCl (pH 3). The combined 
supernatant fluids, adjusted to pH 5 to 7, contained the PNA in the form 
of its constituent mononucleotides; the sediment contained the DNA frac- 
tion. 

_ Determination of PNA Content and Composition—The ribonucleotides 

of each PNA supernatant fluid were separated by paper chromatography 
in isobutyric acid-0.5 N NH; (5:3, volume by volume) and quantitatively 
determined by ultraviolet spectrophotometry, as previously described (11). 
We have, however, made use of newer spectral data in calculating the nu- 
cleotide contents. These are based on the spectra of riboadenylic, -guan- 
ylic, -cytidylic, and -uridylic acids isolated (as mixtures of the 2’- and 
3’-nucleoside phosphates) from an alkaline hydrolysate of yeast ribonucleic 
acid by ion exchange chromatography according to Cohn and Volkin (12). 
The molar extinction coefficients at 260 my and the spectral ratios agreed 
closely with those found by Cohn.! The equations used for calculating 
the nucleotide content of the eluates from the paper chromatograms, and 
the spectral data from which they are derived, are given in Table I; they 
supersede those of the earlier paper (11). 


1 Private communication from Dr. W. E. Cohn, Oak Ridge National Laboratory. 
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In each set of determinations, six portions of the hydrolysate were gyb. 
jected to chromatography. Assays with a coefficient of variability, i.e the 
standard deviation as percentage of the mean, greater than 5 were dis 
carded. The average coefficient of variability was 2; this applies only ty 
the precision of the chromatographic and spectrophotometric procedures, 


) 


PNA & DNA CONTENT (vx PER EMBRYO 


2 
Ist BATCH, NORMAL @—e 
2nd BATCH, NORMAL 4- 
i0 ( 40 50 


20 30 
HRS. AFTER FERTILIZATION 


Fic. 1. PNA and DNA content of developing sea-urchin embryos. The content 
was determined as per cent of dry weight of tissue. The values per embryo were 
derived from the following estimated numbers of embryos per mg. dry weight: nor- 
’ mal 48 hour, 3200; normal 30 hour, 4100; all others, 4500. These are based on (a) an 
estimate of 4500 eggs per mg. of dry unfertilized eggs (24), (b) an assumed constancy 
of N content per egg or embryo (uncertain for the 48 hour normal embryo), (c) typi- 
cal N analyses, which show the N content per unit weight to remain essentially con- 
stant except in the 30 and 48 hour normal embryos, in which respective decreases of 
approximately 10 and 30 per cent are noted. 


The chromatograms were identical with those obtained with alkaline 
hydrolysates of purified PNA and with mixtures of purified nucleotides. 
The average total recovery from the chromatogram of the ultraviolet ex- 
tinction of the hydrolysate before chromatography, measured as the extinc- 
tion difference F269 minus E29 (14), was 96 per cent. This recovery was 
not influenced by the DNA content of the original embryonic tissue, which 
varied from approximately zero to amounts exceeding the PNA content 
(Fig. 1). Since the chromatographic procedure used separates DNA from 
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the ribonucleotides, the recovery of extinction would be affected by the 
presence of DNA, and it may be concluded that the initial fractionation 
ure effectively removed DNA from the PNA fraction. 

Total PNA content was calculated as the sum of the individual pentose 
nucleotides. Such a direct determination should be more exact than assays 
based on the organic P content (9), pentose content (15), or ultraviolet ex- 
tinction (16) of PNA-containing extracts. Results obtained by the latter 
procedures are subject to errors caused by the possible presence in the PNA 
extracts of other organic phosphates (16-19) and of pentose (19, 20), by 
composition differences among various pentose nucleic acids, and by the 
intensification in ultraviolet extinction accompanying PNA breakdown 
21). 
| In the case of the second batch of embryos, colorimetric determinations 
of the pentose (22) and organic P (23) content of the PNA fractions were 
performed. The estimated PNA content based on these determinations 
averaged, respectively, 8 per cent less and 10 per cent more than the values 
obtained with the chromatographic procedure described above. 

Determination of DNA Content—For the estimation of DNA, the pre- 
cipitates containing the DNA fraction, prepared as described above, were 
dissolved in dilute aqueous NaOH. The DNA content of the unfertilized 
eggs was determined by means of a microbiological assay for thymine (24); 
for the other preparations the colorimetric diphenylamine reaction was 
used (25). In all cases, the absorption spectrum of the diphenylamine 
color was determined. The spectra obtained with embryos less than 7 
hours old differed from the spectrum produced by purified DNA (maximum 
at 595 my) in that the absorption maximum was shifted to the shorter wave- 
lengths (below 580 my); and these determinations were rejected. Anoma- 
lous colors produced with diphenylamine have been observed in several 
instances (26-29). Extraction of DNA from the precipitates with hot 7 
per cent trichloroacetic acid (15), known to eliminate a portion, but not 
all, of the protein (30), failed to restore the normal spectrum. Fucose and 
glucose, the main carbohydrate constituents of the egg jelly coat of P. 
lividus (31), were found not to be responsible for this spectral interference. 


RESULTS AND DISCUSSION 
Composition of PNA 


No appreciable variation in the composition of total PNA during the 
period of embryogenesis studied here has been detected. The results of 
some thirty-seven individual fractionations and analyses performed on 
thirty-one egg and embryo preparations are summarized in Table II. It 
will be seen that the coefficients of variability ranged from 2.4 to 4.8, a 
divergence not appreciably different from the errors inherent in the analyti- 
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cal method (average coefficient of variability of 2), to which an additional, 
undetermined error introduced by the fractionation procedure must be 
added. 

Data for the individual stages of the first normal and the Lit-treated 
patches have been published elsewhere (32); for the presentation in this 
paper the values have been recalculated by means of the expressions given 
in Table I. 

The mean composition of the PNA of the first normal batch did not 
differ significantly (¢ test) from that of the Li+-treated embryos, which 
originated from the same stock of unfertilized eggs. The second normal 
batch differed from these two batches in its relative guanylic acid content, 
an unexplained difference found in each of the nine stages in which com- 
parison could be made with the first batch. Thus, while normal embryos 
may show small and persisting differences, no change in PNA composition 
can be attributed to the action of Lit. 

The developing embryo was chosen as the subject of this investigation 
because of the massive and often abrupt morphological and metabolic 
changes which accompany the transformation of the ovum into the free 
swimming, highly differentiated pluteus. As examples, there may be men- 
tioned the almost explosive changes occurring immediately after fertili- 
zation (33), the sudden onset of detectable protein synthesis (34-36) and 
the far reaching modification of the metabolic pattern during gastrulation 
(36), and the large deviations from the course of normal development in- 
duced by Lit treatment (2). 

The composition of the total PNA obviously does not reflect these mas- 
sive developmental changes; e.g., protein synthesis, respiration, vegetali- 
zation, etc. It is possible, however, that PNA has several functions, espe- 
cially in view of the growing evidence for the existence within the same cell 
of differently composed types of PNA (32, 37-41), and that embryogenesis 
is accompanied by composition changes limited to a small fraction of the 
total PNA. 


PNA Content 


In contrast to the constancy in composition, the PNA content varied 
markedly during morphogenesis (Fig. 1). The rapid drop immediately 
after fertilization adds one more instance to the numerous metabolic and 
structural changes occurring at this time (33, 42, 43). This is followed by 
arise and a leveling off during the formation of the blastula (1 to 9 hours) 
and a second rise just before the onset of gastrulation (12 hours). These 
changes correspond to those in respiratory rate (44), a parallelism that 
disappears with beginning gastrulation. It is of interest that it is at gas- 
trulation, when synthesis of new proteins can first be detected (34-36), 
that the second rise in PNA occurs. This could be associated with the well 
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known hypotheses concerning the involvement of PNA in protein synthe. 
sis (45, 46) and with a considerable amount of experimental work bearing on 
this relationship, recently reviewed by Brachet (36). 


DNA Content 


During the first 10 hours of development of the sea-urchin embryo, the 
number of cells approximately doubles every hour; subsequently the divi. 
sion rate slows down (3, 47). When the number of cells per embryo is 
plotted against the age of the embryo, a sigmoid curve should result. A 
curve of similar shape should be obtained when DNA content is substituted 
for cell number, provided that the DNA content per cell is constant (4-7), 


TaB_Le III 
DNA Content and No. of Cells in Sea-Urchin Gametes and Embryos 


DNA content per gamete or embryo | 


Material Estimated No. of 


diploid cells 
| 10-6 y Relative* | 
Unfertilized egg................... | 20-30T | 10-15 0.5 


| 3550 2000-3000!) 


* As multiples of one diploid nucleus. 

t Taken from a previous publication (24). 
t Twice the sperm value. 

§ From Fig. 1. 

| From Mazia (3). 


When the DNA content per embryo is plotted against the age of the 
embryo, a curve results that does, indeed, appear to be sigmoid (Fig. 1). 
Statistical analysis (F test) shows a probability of <0.01 that the data 
define a straight line.? 

Accurate data concerning the number of cells in an embryo are lacking 
for all but the earliest stages. The 10 and 40 hour stages have been estima- 
ted by Mazia to contain approximately 1000 and 2000 to 3000 cells respec- 
tively (3). If the DNA content of a diploid Paracentrdtus nucleus is taken 
as twice the known DNA content of a sperm cell from the same species (24), 
the data reported here are in fairly good agreement with Mazia’s approxi- 
mations of cell number (3), as shown in Table ITI. 


2 F ratio for 0.01 probability, 7.19; found, 8.14. "The DNA values are the means of 
two independent sets of duplicate determinations. We are grateful to Professor 
Howard Levene and Dr. Louis J. Cote, Statistical Consulting Service of Columbia 
University, for the statistical analysis. 
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These findings are not in accord with previous data summarized by 
Mazia (3), which indicated a linear rise in DNA content during sea-urchin 
embryogenesis. The principal reason for this discrepancy is that in the 
earlier work the DNA content of the early stages had been assumed to be 
anomalously high, that of the unfertilized egg amounting to as much as 
400 to 500 times the normal diploid value. By the use of newer techniques 
of DNA determination, however, the sea-urchin egg has been found, in 
this and other laboratories (24, 48), to have no more than 5 to 15 times 
the diploid DNA content. 

Though no rigorous proof can be claimed, the evidence presented here 
indicates that the DNA content of the sea-urchin embryo reaches a normal 
diploid value per cell within a few hours after fertilization and remains 
unchanged thereafter. These findings do not bear on the questions of 
origin, location, or physiological significance of the ‘‘excess”’ DNA in the 
egg (47-50). They indicate, however, that from an early stage onward 
the sea-urchin embryo is not anomalous with respect to its DNA content. 

The lowered DNA content of the Lit-treated embryos which becomes 
apparent during gastrulation (Fig. 1) is presumably due to a retardation of 
cell division. 


SUMMARY 


The pentose nucleic acid (PNA) of the developing embryo, both normal 
and lithium-treated, of the sea-urchin Paracentrotus lividus was studied by 
means of an improved procedure for the quantitative determination of ribo- 
nucleotides. No significant changes in composition with respect to the 
nucleotide distribution in the PNA of the whole embryo were observed 
during the first 48 hours after fertilization, whereas the PNA content did 
vary. A study of the content of the developing embryo in deoxypentose 
nucleic acid showed that it reaches a normal diploid value at an early 
stage. The treatment of the embryos with Li* ions did not affect the PNA 
composition and content; it decreased the DNA concentration per embryo 
at gastrulation. 
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ENZYMATIC SYNTHESIS OF AZAGUANINE RIBOSIDE AND 
AZAGUANINE DESOXYRIBOSIDE* 


By MORRIS FRIEDKIN 


(From the Department of Pharmacology, Washington University School of Medicine, 
St. Louis, Missouri) 


(Received for publication, January 4, 1954) 


Kidder and Dewey (2) have suggested that the inhibitory action of 8- 
aaaguanine on bacteria (3), Protozoa (2), and tumors (4), an inhibition 
readily reversed by guanine, may be due to the formation of the abnormal 
nucleoside or nucleotide of 8-azaguanine. Recent studies with isotopically 
labeled 8-azaguanine (5, 6) indicating that 8-azaguanine is incorporated 
intact into nucleic acid support this view. 

An enzymatic approach in vitro to this problem was made possible by 
the work of Kalckar (7) who showed that guanine plus ribose-1-phosphate 
is converted to guanosine in the presence of the enzyme, purine nucleoside 
phosphorylase (Reaction 1). It appeared likely that 8-azaguanine might 


Guanine + ribose-1-phosphate = guanine riboside (1) 
+ inorganic orthophosphate 


either inhibit Reaction 1 or actually act as a substrate. Preliminary ex- 
periments with 8-azaguanine and desoxyribose-1-phosphate, in which the 
release of inorganic phosphate was measured, indicated that the second 
possibility, the synthesis of 8-azaguanine nucleoside, had occurred. Filter 
paper chromatography substantiated the phosphate data by resolving in- 
cubation mixtures into three components: azaguanine, azaxanthine, and a 
third compound which had an absorption spectrum very similar to that of 
guanosine and which after acid hydrolysis yielded azaguanine and desoxy- 
ribose. Analogous experiments with ribose-1-phosphate were carried out. 

On the basis of this evidence, large scale experiments aimed at the iso- 
lation of the nucleosides were set up. Incubation mixtures of azaguanine, 
ribose-1-phosphate or desoxyribose-1-phosphate, and horse liver purine nu- 
cleoside phosphorylase were freed of protein and salt by acetone precipi- 
tation. After evaporation of the acetone, the nucleosides were taken up in 
wet n-butanol and precipitated by the addition of diethyl ether. Azagua- 
nine riboside and azaguanine desoxyriboside thus obtained were finally 
crystallized from water. 


* This investigation was supported in part by a research grant from the National 
Institutes of Health, United States Public Health Service. A preliminary report on 
some of the data presented has been made (1). 
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EXPERIMENTAL 


Materials—8-Azaguanine was obtained as a gift from Dr. Alfred Gel. 
horn of Columbia University. Purine nucleoside phosphorylase was pre. 
pared from horse liver (8). Ribose-1-phosphate was prepared by the ep. 
zymatic phosphorolysis of guanosine, essentially by the method previously 
described for desoxyribose-1-phosphate (9), but was isolated as the calcium 
salt instead of the barium salt.'| Desoxyribose-1-phosphate was prepared 
as the dicyclohexylammonium salt (9).? 

Release of Inorganic Phosphate As Measure of Azaguanine Nucleosi& 
Synthesis—The possibility that 8-azaguanine acts as an antimetabolite be. 
cause of inhibition of purine nucleoside phosphorylase was tested first (Table 
IT). When hypoxanthine was incubated with desoxyribose-1-phosphate in 


TABLE I 

Release of Inorganic Orthophosphate As Measure of Azaguanine Nucleoside Synthesis 

The incubation mixture consisted of substrate (0.28 um) as indicated below, 
desoxyribose-1-phosphate (0.42 um), and horse liver purine nucleoside phosphorylase 
in a total volume of 138.4 wl. of 0.094 m Tris-HCl buffer, pH 7.4. After 37 minutes 
at 38° the reaction was stopped by the addition of 53.8 wl. of 0.25 m MgCl-2.5 y 
NH,C1-7.5 m NH,OH, and inorganic phosphate was determined in the precipitate 
(11). 


Substrate of 
uM 
Hypoxanthine + 8-azaguanine..........................) 0.25 


_ the presence of horse liver purine nucleoside phosphorylase, hypoxanthine 
desoxyriboside was formed, as evidenced by the release of 0.22 uM of in- 
organic phosphate (Reaction 2). 


Hypoxanthine + desoxyribose-1-phosphate (2) 
= hypoxanthine desoxyriboside + inorganic orthophosphate 


In the absence of substrate, very little inorganic phosphate was released. 
When azaguanine was incubated with hypoxanthine, no inhibition of nu- 
cleoside synthesis occurred, as evidenced by the release of 0.25 ym of in- 
organic phosphate. The surprising finding was that azaguanine itself 
caused the release of 0.15 um of inorganic phosphate, a reliable indication 
that synthesis of azaguanine desoxyriboside had occurred. 


1 Unpublished procedure of Dr. Graham Webster. 
2 A more simple preparation of desoxyribose-1-phosphate by the phosphorolysis 
of thymidine is now being used (10). 
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Chromatographic Isolation of Azaguanine Desoxyriboside—The incuba- 
tio mixture of azaguanine, desoxyribose-1-phosphate, and enzyme, after 
deproteinization with acetone, was subjected to paper chromatography with 
the n-butanol-ethanol-water solvent system described by Carter (12). 
Three zones were detected on the paper (Whatman No. 1) with ultraviolet 
light: azaxanthine, Rr 0.12 (3, 13); azaguanine, Ry 0.22; and a new com- 
ponent, Rr 0.48. 


T T T T T T T T T 
\ 3 \ 

\ \ 4 
34 
220 240 260 280 290 230 250 270 290 310 
WAVELENGTH (my) WAVELENGTH (my) 
Fia. 1 Fia. 2 


Fic. 1. Absorption spectra of azaguanine desoxyriboside (9.53 y per ml.). O, 
0.012 n HCl; @, 0.02 m phosphate buffer, pH 7.5; A, 0.03 n NaOH. 

Fic. 2. Acid hydrolysis of azaguanine desoxyriboside. O, 74.9 wl. of azaguanine 
desoxyriboside (0.0486 um) plus 74.9 wl. of 0.24 Nn HCl were heated at 100° for 2 min- 
utes, then cooled, and neutralized by addition of 1.0 ml. of 0.2 m phosphate bu ffer, 
pH 7.5. @, same as above except that buffer was added before HCl; no heating. 
A, 74.9 wl. of azaguanine (0.0464 um) plus 74.9 wl. of 0.24 Nn HCl and 1.0 ml. of buffer 
as above. 


The Rr 0.48 component had absorption spectra, at different pH values, 
similar to that of guanosine (Fig. 1). The spectrum of the acid-hydrolyzed 
component (5 minutes in 1 N HCl at 100°) was that of azaguanine (3) 
(Fig. 2). A qualitative test with cysteine-sulfuric acid (14) indicated the 
presence of desoxyribose. All of these findings were consistent with the 
idea that azaguanine desoxyriboside had been formed. 

Isolation of Crystalline Azaguanine Desoxyriboside—38 mg. of 8-azagua- 
nine (0.25 mm) were dissolved in 40 ml. of 0.1 m Tris*-HCl buffer, pH 7.4, 
by heating to 90-95°. The solution was then quickly cooled to 40°, and 


* Tris(hydroxymethyl)aminomethane. 
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120 mg. of dicyclohexylammonium desoxyribose-1-phosphate (0.29 my 
and 10 ml. of horse liver purine nucleoside phosphorylase were added 
After incubation for 60 minutes at 38°, 400 ml. of acetone were added. Th 
protein was spun off and the supernatant fluid evaporated to a volume ¢ 
I ml. 60 ml. of acetone were added, the crystalline Tris hydrochloride ggk 
spun off, and the supernatant fluid again evaporated to dryness. Th 
residue was taken up in 2.5 ml. of warm water, and 47 ml. of n-butand 
were added. The mixture was evaporated in vacuo (45° bath) to a volum 
of 15 ml. Upon the addition of 400 ml. of diethyl ether, an amorphoy 
precipitate of azaguanine desoxyriboside formed immediately. The nucleo. 


TaBLeE II 
Molecular Extinction Values of Azaguanine Nucleosides 


| Azaguanine 
riboside desoxyriboside 


Maxi- Maxi- 
mum mum 


Medium 


mu mu 
0.02 m phosphate buffer, pH 7.5.............. 256 10,900 255 10,800 


The nucleosides of 8-azaguanine, recrystallized in water, were dried in vacw 
(over concentrated H.SO,) at room temperature for 2 days. Filter paper chro- 
matography (see the text) indicated the absence of free azaguanine or free azaxan- 
thine, the most likely contaminants. 2.390 mg. of the riboside (mol. wt., 284.2) 
and 2.383 mg. of the desoxyriboside (mol. wt., 268.26) were weighed on a micro- 
balance and then dissolved in 50 ml. of H.O. 10 ml. aliquots after dilution with the 
appropriate medium (final concentrations indicated in the table) were taken for 
spectral analysis. 


side was spun down and taken up with 1 ml. of warm water. On chilling 
the solution, crystalline needles of azaguanine desoxyriboside formed. The 
crystals were collected and dried in vacuo (48.7 mg.; yield, 73 per cent). 

The ultraviolet absorption spectra of azaguanine desoxyriboside in acid, 
neutral, and alkaline media (Fig. 1) when compared with those of 8-azagua- 
nine (3) show the same relationship as that which obtains with guanosine 
and guanine (15). The absolute molecular extinction values of the desoxy- 
riboside are given in Table II. Chromatography of the recrystallized de 
soxyriboside with butanol-ethanol-water (12) yielded only one spot at Rr 
0.48, containing desoxyribose as evidenced by a positive cysteine-sulfune 
acid reaction (14). After acid hydrolysis of the desoxyriboside in 0.125 
HCI at 100° for 2 minutes and subsequent adjustment of the pH to 7.4, the 
spectrum was that of 8-azaguanine (Fig. 2). On the basis of the spectral 
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data in Fig. 2 and Table II, 1 mole of azaguanine desoxyriboside released 
0.95 mole of azaguanine. Chromatography of the acid hydrolysate yielded 
4 characteristic fluorescent 8-azaguanine spot with ultraviolet light. 

Isolation of Crystalline Azaguanine Riboside—15 mg. of 8-azaguanine 
(0.099 mm), ribose-1-phosphate (0.13 mm as the Ca salt), and horse liver 
purine nucleoside phosphorylase in a total volume of 36 ml. of 0.04 m 
Tris-HCl buffer, pH 7.4, were incubated for 100 minutes at 38°. The reac- 
tion was stopped by the addition of 100 ml. of acetone and the precipitated 
protein spun off. The supernatant fluid was evaporated to 1.2 ml., and 
then 75 ml. of acetone were added to precipitate the Tris hydrochloride 
salt. The supernatant fluid was evaporated to a small volume. The pro- 
eedure thereafter was the same as that described for the desoxyriboside, 
yielding 7.8 mg. of crystalline azaguanine riboside (28 per cent of theory). 

The ultraviolet absorption spectrum of azaguanine riboside is the same 
as that of the desoxyriboside (Fig. 1, Table II). Chromatography of the 
erystalline riboside yielded only one spot at Rr 0.22 containing pentose, 
as evidenced by a positive orcinol reaction (16). Ascending filter paper 
chromatography (Whatman No. 1) with the n-butanol-boriec acid solvent 
system of Rose and Schweigert (17) (modified; no HN; atmosphere) re- 
sulted in good separations of the riboside and the free purine: azaguanine 
riboside, R r 0.22; azaguanine, R, 0.42. After acid hydrolysis of the ribo- 
side in 6 N HCl at 100° for 30 minutes and subsequent adjustment of the 
pH to 7.4, the spectrum was that of 8-azaguanine. Filter paper chroma- 
tography of the acid hydrolysate with butanol-boric acid yielded the charac- 
teristic fluorescent 8-azaguanine spot. 


DISCUSSION 


The microbiological activities of the azaguanine nucleosides prepared in 
this study have been tested with Protozoa and with lactic acid bacteria. 
Dr. George W. Kidder (Amherst College) found that the azaguanine nu- 
cleosides possess about half the activity of azaguanine on a molar basis as 
inhibitors of Tetrahymena growth (2). This was a disappointing finding, 
for it had been hoped that azaguanine in the form of the nucleoside would 
be more effective. 

Nevertheless, further studies with the azaguanine nucleosides similar to 
those which have been carried out with 8-azaguanine in tissue culture ex- 
periments (18) are desirable. It is possible that azaguanine in the form 
of the nucleoside could escape inactivation to azaxanthine (reported to have 
no carcinostatic activity, in contrast to azaguanine (19)) and thereby be 
more inhibitory to mammalian tumor cells. 

The decrease of activity on addition of ribose or desoxyribose to azagua- 
tine may be explained by a suggestion of Kalckar’s (20): Azaguanine is an 
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antagonist because it traps endogenous ribose-1-phosphate, which normalh 
would react with guanine or some other purine or aliphatic precursor ¢ 
purine. On this basis the azaguanine nucleosides would be expected to kk 
less effective than azaguanine. 

Dr. B. 8. Schweigert (University of Chicago) found that azaguanine de. 
soxyriboside acts as a growth factor for Lactobacillus leichmannii, an organ. 
ism which responds to vitamin By or to desoxyribosides; however, the 
azaguanine nucleoside is only 10 to 30 per cent as active as thymidine. The 
low activity of the azaguanine desoxyriboside compared with that of thy- 
midine was not due to inhibition, for neither azaguanine nor its desoxy- 
riboside inhibited the growth response of the bacteria to thymidine. 

The microbiological activity of azaguanine desoxyriboside as a growth 
factor for L. leichmannii can be explained on the basis that this desoxyribo- 
side, abnormal though it may be, can act to a limited extent as a desoxy- 
ribosyl donor in the transfer reactions described by MacNutt (21). Mae- 
Nutt concluded that the ability of a desoxyriboside to act as a growth factor 
was due to its capacity to act as a donor of desoxyribosy! to various purines 
and pyrimidines. The finding that an unnatural nucleoside, azaguanine 
desoxyriboside, can act as a growth factor supports MacNutt’s theory. 


SUMMARY 


This paper describes the isolation and properties of azaguanine riboside 
and azaguanine desoxyriboside, nucleosides formed by an enzymatic reac- 
tion between 8-azaguanine and ribose-1-phosphate or desoxyribose-1-phos- 
phate. 
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Exposure of normal fasted rats to reduced oxygen tension has been 
shown to result in an increase of liver glycogen over the values found at 
sea level (1-4). Wickson and Morgan (5) demonstrated with riboflavin- 
deficient rats that glyconeogenesis was not increased on exposure to anoxic 
anoxia. ‘They also showed that intraperitoneal injection of riboflavin be- 
fore exposure to reduced oxygen tension restored this function in the defi- 
animals. 

Similar failure of carbohydrate metabolism has been demonstrated in 
pantothenic acid-deficient rats (6). In this case the repair of the mech- 
anism could not be effected by administration of pantothenic acid just 
previous to the imposition of the stress of anoxia, but pretreatment with 
adrenal cortical extract was effective. Engel (7) has found that in the 
presence of excess adrenal hormone rats responded to minor stresses by 
producing changes in nitrogen metabolism comparable with those obtained 
in more severe stresses. It was suggested that the adrenal hormones 
serve to keep the tissues in a state of preparedness for response to stress. 
Ingle (8) also considered that the adrenal cortex plays a ‘‘permissive”’ 
rdle during stress by being necessary but not responsible for certain meta- 
bolic and other changes. | 

In the light of these concepts the failure of riboflavin-deficient rats to 
respond to low oxygen tension with glyconeogenesis has been further in- 
vestigated through a study of the effect of injected steroid hormones. The 
object was to determine in what phase or phases of the metabolism the 
failure caused by the deficiency occurs. 


EXPERIMENTAL 


Male and female rats of the Long-Evans strain, 21 days old and weigh- 
ing between 40 and 50 gm., were used. They were grouped as to sex and 
litter distribution and were placed on either the deficient or the control 
diet. 

The basal diet had the following per cent composition: casein! 22.0, 


*Government of India Scholar. 
'Vitamin-test casein, General Biochemicals, Inc., Chagrin Falls, Ohio. 
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sucrose (powdered, containing 3 per cent corn-starch) 66.5, fat? 9.0, and 
salt mixture (9) 2.5. Crystalline vitamin B components were dissolved jp 
20 per cent ethyl alcohol and fed three times a week so as to provide daily, 
in mg., the following: thiamine hydrochloride, riboflavin, pyridoxine hy. 
drochloride, and folic acid, each 0.02, calcium pantothenate and p-amino. 
benzoic acid, each 0.10, l-inositol 2.5, and choline 5. The fat-soluble 
vitamins were mixed in cottonseed oil and fed along with the B complex 
vitamins. Each rat received per day 100 i.u. of vitamin A, 10 i.u. of vita- 
min D, and 1 mg. of mixed tocopherols. Rats that were placed on the defi- 
cient diet received the same amounts of the above vitamins, with the ex- 
ception of riboflavin. 

The animals fed the control diet grew normally and gained about 2 
gm. per week during the first 5 weeks. After this period, the amount 
gained decreased gradually. Rats on the deficient diet gained only 7 to 9 
gm. per week during the first 3 weeks and thereafter made only negligible 
gains. 

All the rats were subdivided into sea level and anoxic groups. The re- 
duced oxygen tension chamber has been described by Wickson and Morgan 
(5). The pressure used for these experiments was 349 mm. of Hg, cor- 
responding to about 20,000 feet of altitude. The sea level controls were 
placed in jars identical with those used for rats under reduced oxygen 
tension, except that the lids were made of coarse wire screen. The test 
period consisted of a 24 hour fast at either sea level or the simulated alti- 
tude of 20,000 feet. Water was withheld during the period, except for the 
adrenalectomized rats which received 1 per cent NaCl in their drinking 
water. At the end of the test period, the rats were anesthetized with so- 
dium pentobarbital and blood samples and liver removed. 


Methods of Analysis 


Blood samples were removed from the inferior vena cava, deproteinized 
with ZnSO, and NaOH, and the filtrates analyzed for glucose by the method 
of Giragossintz, Davidson, and Kirk (10). The livers were completely 
excised, weighed quickly, and immediately placed in hot 50 per cent KOH 
for hydrolysis. The left gastrocnemius muscle was removed, weighed 
quickly, and transferred to hot KOH solution. Glycogen from the liver 
and muscle hydrolysates was precipitated with 47 per cent ethyl alcohol. 
The precipitate, obtained by centrifugation, was dissolved in hot water 
and reprecipitated with 47 per cent ethyl alcohol and solid NaCl. The 
glycogen thus obtained was hydrolyzed with 1 N H2SO, on a boiling water 
bath for 2.5 hours, and the resulting glucose was determined as in the 
blood filtrates. 


*? Hydrogenated cottonseed oil. 
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In a preliminary experiment normal and deficient rats were exposed to 
the anoxic test at intervals of 1, 3, 5, 8, and 12 weeks after they had been 
placed on the diet. Liver and muscle glycogen and blood glucose were 
determined. ‘The purpose of this study was to detect the period when the 
animals could be considered deficient in their response to anoxic anoxia. 
This condition was observed to occur before clinical symptoms such as 
porphyrin whiskers and alopecia appeared. Consequently, the rats were 
used for the hormone treatment 7 to 9 weeks after they had been placed 
on the diet. In order to elucidate the effect of the deficiency, pair-fed 
controls and adrenalectomized rats were also studied. 

In the second experiment the riboflavin-deficient animals were divided 
into five groups. Group 1 received 1 ml. of 0.9 per cent NaCl solution 
intraperitoneally a few minutes before being exposed to the reduced oxygen 
tension. Group 2 received a total of 5 mg. of desoxycorticosterone acetate’ 
in oil in a series of four intramuscular injections starting 48 hours before 
the test period. Group 3 received just before the test 0.1 mg. of riboflavin 
in 1 ml. of 0.9 per cent NaCl solution. Group 4 received a total of 2 ml. 
of cortin‘ in four subcutaneous injections starting 24 hours before the test 
period. The cortin was analyzed for riboflavin by the method of Najjar 
(11) and a negligible amount found (0.24 y of riboflavin in 2 ml. of the 
cortin). Group 5 received 2.5 mg. of cortisone® in four subcutaneous in- 
jections during the 24 hours preceding the test period. 

The rats which received the normal diet were divided into three groups. 
Group 6 was allowed to eat ad libitum and received intraperitoneally 1 ml. 
of 0.9 per cent NaCl solution just prior to the test period. Group 7 was 
pair-fed with the deficient rats and also treated with saline. The rats in 
Group 8 were adrenalectomized when they weighed about 175 gm. They 
were fed the normal diet both before and after the operation. 


Results 


Response of Rats to Anoxia As Influenced by Progress of Riboflavin Defi- 
cency—The growth of rats on the riboflavin-deficient diet was greatly 
stunted. This was observed as early as the Ist week on the diet. Por- 


phyrin whiskers and alopecia were observed about the 7th week. 


Liver Glycogen—Since all the animals were fasted during the 24 hour 
anoxia test, increase in the glycogen content of the liver must be considered 
to be of endogenous origin. The normal rats maintained a steady fasting 


* This was a product of Roche-Organon control laboratories. 
‘This extract was dissolved in 70 per cent ethanol. It was received from the 
Research Laboratories of The Upjohn Company, Kalamazoo, Michigan, through the 
courtesy of Dr. D. J. Ingle. 
‘Obtained from Merck and Company, Inc., Rahway, New Jersey. 
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concentration of liver glycogen at sea level throughout the 12 week period, 
but in the deficient rats there was a gradual drop as the deficiency pro. 
gressed (Fig. 1). Normal rats exposed to anoxia showed a definite in. 
crease in storage of glycogen in their livers. The amount of glyconeogene. 
sis increased as the rats grew older. The concentration of liver glycogen 
in the riboflavin-deficient rats under anoxia was higher than that of the 
corresponding normal rats in the Ist and 3rd weeks. A precipitous drop 
occurred, however, in the 5th week, and in the 8th week a very low con. 


(2) 


o—o Normal, Sea Level! 

e—e Normal, Low Oo 

Tension 

4—4 Deficient, Sea Level 

Deficient, Low Oo 
Tension 


O 
T 


Liver Glycogen in Percent of Fresh Tissue 


WN 


Weeks on the Diet 


Fic. 1. The effect of the progress of riboflavin deficiency on the production of 
' liver glycogen in anoxia. 


centration of liver glycogen was observed. This level remained low for 
the experimental period of 12 weeks. 

Muscle Glycogen and Blood Glucose—At sea level, the fasting value of 
muscle glycogen was seen to decrease gradually as the deficiency progressed 
(Table I). Thus, depletion of both liver and muscle glycogen occurred in 
this deficiency. This depletion was reflected in the lowered concentration 
of fasting blood glucose in the deficient animals. 

Exposure to reduced oxygen tension did not produce a significant in- 
crease in muscle glycogen in any group of rats, although in all cases small 
increases were noted. The increase in blood glucose due to anoxia was 
significant only in the Ist and 3rd weeks of the deficiency. 

Influence of Administered Hormones on Response of Riboflavin-Deficient 
Rats to Anoxia—The degree of anoxia used was found to be incapable of 
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causing a rise in the concentrations of blood glucose and liver glycogen in 


the untreated deficient rats. 


But the anoxia stress produced an accentu- 


ated rise when the deficient animals were given adrenal cortical extract, 


TaBLe I 


Effect of Stage of Riboflavin Deficiency upon Response of Rats to Anoxia 
Seven or eight rats in each group. The results are in mg. per cent. 


Normal . 70+ 3 104+ 5 498 + 33 730 + 109 
3 85 + 7 104+ 9 594 + 109 790 + 75 
12 88 + 27 92+ 9 408 + 34 575 + 49 
Riboflavin- 1 76 + 7 100 + 6 514 + 18 704 + 7 
deficient 3 73 = 3 119 + 15 450 + 10 606 + 89 
st eae! wan | mae 
12 60 + 9 ix €6 215 + 67 342 + 48 
20 
& 
Wy 
Wy 
© 04+ i] 
12345 678 12345 678 
At Sea Level At 20,000 ft. 


Fig. 2. The influence of adrenal cortical hormones on glyconeogenesis in anoxia 


in normal and riboflavin-deficient rats. 


Group 1, deficient, untreated; Group 2, 


deficient, receiving desoxycorticosterone; Group 3, deficient, receiving riboflavin; 
Group 4, deficient, receiving adrenocortical extract; Group 5, deficient, receiving 
cortisone; Group 6, normal, fed ad libitum; Group 7, normal, pair-fed; Group 8, ad- 
renalectomized, on normal diet. 
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cortisone, or riboflavin before the test period. The administration of 
desoxycorticosterone acetate or saline was without effect. At sea level, 
the values of blood glucose and liver glycogen in cortisone-treated deficient 
rats were twice those of deficient rats not receiving the hormone. The 


TABLE II 


Blood Glucose and Muscle Glycogen of Normal and Riboflavin- Deficient Rats As 
Affected by Adrenal Cortical Hormones and Anoria 


ge. 


Blood glucose* | 


2 Treatment | Altitude of ‘weight | dou 
5 | test | 
Deficient 
gm. “s mg. per cent mg. per cent 
1 | Saline Sea level 7 88 6 60+ 9 | 2154+ 67 
20 ,000 7 71+ 6 | 3424 48 
2 | 5 mg. desoxycorti- | Sea level 8 85 F 52+ 6 | 512+ 66 
costerone 20 ,000 8 | 59+ 9 | 6314 8 
3 | 0.1 mg. riboflavin | Sea level ) 88 | 6 724 3 | 597+ 7 
20 ,000 8 127 + 107 | 817 4 75 
4 | 2 ml. cortin Sea level 8 86 6 64+ 5 5354 6 
20 ,000 Ss 127 + St | 784 + 
5 2.5 mg. cortisone Sea level 5 so | 6 125 + 18 
20 ,000 4) | 282 + 58f 
Normal 
6 | Saline Sea level 7 210 il 88 + 27 408+ 3 
20 , 000 8 924+ 9 5752 49 
7 | Saline, pair-fed Sea level | 12 100 6 86+ 7 756+ 9% 
20 ,000 10 121 + 167 824 + 173 
8 | Adrenalectomized Sea level 6 192 60+ 6 _ 290+ 18 
20 ,000 7 | 69 + 9 3324 4 


* Mean and standard error. 
t Significant difference between means at sea level and 20,000 feet within the 
fiducial limits of 95 per cent. 


most pronounced change was observed in the liver glycogen (Fig. 2). -n, OD 
exposure to anoxia, deficient rats receiving cortisone, adrenal cortical ex- 
tract, or riboflavin showed rises of 123, 79, and 95 per cent in liver glyco- 
gen when compared with the normal rats under similar anoxic conditions. 
Thus, the treatment with adrenal cortical extract or riboflavin corrected 
the defect in the deficient animals only partially, while the treatment with 
cortisone permitted a rise of 23 per cent above the normal. 

Response of Pair-Fed and Adrenalectomized Rats under Anoxio—The rise 
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in blood glucose and liver glycogen of the normal pair-fed rats on exposure 
to anoxia was greater than the corresponding rise in the normal rats fed 
ad libitum (Fig. 2 and Table II). These changes are clearly different from 
those in non-injected deficient rats, but are similar to those in the control 
rats. The response of the pair-fed rats to the stress of low oxygen tension 
was exaggerated rather than diminished, as in the deficient group. 

2 weeks after the adrenals were removed, rats maintained on the normal 
diet and saline solution were exposed to anoxia. Immediately before the 
test period, 0.1 mg. of riboflavin in saline was administered intraperitone- 
ally. The animals were sacrificed at the end of 24 hours and the carcasses 
carefully examined for the completeness of adrenalectomy. As is shown 
in Table II and Fig. 2, it is clear that the administration of riboflavin to 
adrenalectomized rats did not effect a rise in their liver glycogen and blood 
glucose on exposure to anoxia. ‘This observation is in contrast with that 
made when intact deficient rats were treated with riboflavin preceding 
exposure to low oxygen tension. The presence of both a functioning ad- 
renal gland and an adequate supply of riboflavin appears essential for the 
stimulation of glyconeogenesis in anoxia. 


DISCUSSION 


It is of interest that the mechanism responsible for glyconeogenesis un- 
der anoxia which becomes inactive in the riboflavin-deficient animals was 
rapidly restored by the administration of riboflavin and that permanent 
damage was not produced by the degree of riboflavin deficiency obtained. 
The time study showed that the mechanism involved in glyconeogenesis 
in anoxia was not abruptly blocked by the withdrawal of riboflavin. In 
fact, as indicated by the end-products of this process, carbohydrate pro- 
duction increased above normal in the 1st and 3rd weeks of the deficiency. 
It is possible that in the first stage of the deficiency the glyconeogenic 
process may be overstimulated. After the 3rd week there was a sudden 
drop in glyconeogenesis, and complete inability of the riboflavin-deficient 
rats to adjust to the stress of low oxygen tension was evident by the 8th 
week. These responses are comparable with the sequence of events in the 
“adaptation” syndrome. Whether the origin of the stimulus to the ad- 
renal cortex was in the peripheral tissues, in which one or more of the 
enzyme reactions involving riboflavin-containing coenzymes may have been 
impaired, or in the adenohypophysis, the first effect was an increase in 
carbohydrate production over normal. The second stage simulated the 
hypocortical or acortical condition, with practical cessation of carbohydrate 
production. 

The progressive nature of the development of biochemical responses to 
the withdrawal of riboflavin was also observed by Axelrod and coworkers 
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(12). They reported that the fasting levels of blood glucose and blood tha 
chloride of normal dogs were quite constant for a long period. Riboflavin. trig 
deficient dogs, however, had higher than normal blood glucose and chloride 
levels at first, then gradual lowering of these levels, reaching extremely loy 
values at collapse. On administration of riboflavin the levels of blood I 
glucose and chloride were raised to nearly normal values. Desoxycorti- hy¢ 
costerone was relatively ineffective in repairing the defect. 

It is evident that stress of anoxia, which did not produce glyconeogene. 
sis in deficient rats, when coupled with the administration of adrenal corti- con 
cal extract or cortisone, but not desoxycorticosterone, effected marked T 
increases in liver glycogen. These increases cannot be ascribed to the the 
influence of the administered hormones solely, since they were not seen in int 
similarly treated animals held at sea level. The presence of these hor | ano 
mones, on the other hand, appeared to be essential for glyconeogenesis, 8 w 
The administration of the steroid hormones for a period of 24 hours pre- 7 
vious to the application of anoxia may be considered to be a preparation | gor 
of the deficient animals for response to the stress. Similar effects were neo 
noted in the study of pantothenic acid deficiency (6). Winters e¢ al. (13) | Th 
observed that the administration of cortisone, but not of corticotropin, ] pom 
effected deposition of liver glycogen in the fasting state. T 

The pair-fed control rats had higher levels of fasting liver glycogen both | suit 
at sea level and under anoxia than did the normal animals fed ad libitum. | jh 
This confirms previous observations (5, 6, 14). The greater than normal | jmp 
response of underfed rats to stress has also been observed by Winters eal. | gj 
(13) who administered a test dose of insulin to fasted rats and followed the glar 
blood glucose curve for 4 hours. the 

In a study in which the index of comparison is predominantly the in- 
crease in liver glycogen, it is important to insure that the metabolic integ- 

- rity of this organ has not been impaired by the deficiency under study. 1 
This condition was established in the experiment in which cortisone was | 2. 
injected into deficient animals. At sea level, the concentration of liver } *. 
glycogen in the cortisone-treated deficient rats was twice that of non- : 
treated rats. This change was also reflected in the concentration of blood | ; 
glucose of these animals. 6. 

7 
8 


These experiments demonstrate as complete failure of the carbohydrate 
production response to stress in riboflavin deficiency as in the absence of 
the adrenal glands. The ability of the glands to produce the necessary | |, 
hormone was unimpaired, as was shown by the effect of riboflavin injec |}, 
tion. Presumably the ability of the anterior pituitary to secrete cortico | 12. 
tropin was likewise unimpaired. Thus, in the absence of riboflavin the 
stimulus for production of corticotropin may be lacking or ineffective. 
When exogenous adrenocortical hormone was supplied even in the absence 
of riboflavin, normal function was restored. This points to the possibility 


yx 
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that a riboflavin-containing coenzyme may be a necessary link in the 
trigger mechanism of the pituitary-adrenal system. 


SUMMARY 


Riboflavin-deficient rats were unable to respond with increased carbo- 
hydrate production when they were subjected to lowered oxygen tension 
equivalent to 20,000 feet of altitude for 24 hours. Under these conditions 
normal animals exhibited the usual degree of glyconeogenesis and pair-fed 
controls greater than the usual response. 

The defect did not appear abruptly when the young rats were placed on 
the deficient diet. Instead, for the first 3 weeks greater than normal] rises 
in blood sugar and liver glycogen were seen in the deficient animals under 
anoxia. This was followed by a rapid lowering in the response, until after 
8 weeks no rise in carbohydrate production occurred. 

The administration of limited amounts of adrenal cortical extract, or of 
cortisone, or of riboflavin, previous to the anoxia test, restored the glyco- 
neogenic function completely. Desoxycorticosterone was without effect. 
The administration of excess riboflavin to adrenalectomized rats had no 
remedial effect on the loss of glyconeogenic function. 

The réle of cortisone in permitting or initiating the glyconeogenesis re- 
sulting from the stress of anoxia in riboflavin deficiency appears to estab- 
lish adrenocortical failure as part of the deficiency syndrome. Since the 
immediate repair of the defect by riboflavin implies unimpaired secretory 
ability of the adrenal cortex, and presumably of the anterior pituitary 
gland, the impediment caused by the deficiency may lie in the stimulus of 
the pituitary-adrenal 
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PYRUVATE OXIDATION SYSTEM AND 
ACETOIN FORMATION* 
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In 1948 McElroy and Dorfman (1) observed that, under aerobic condi- 
tions, pantothenic acid-deficient cells of Proteus morganit metabolized 
pyruvate mainly to acetylmethylcarbinol (acetoin) and CO, with a high 
R. Q. as compared to non-deficient cells which exhibited a lower R. Q. and 
did not accumulate acetoin. Previous work of Dorfman et al. (2) and 
Hills (3) with pantothenate-deficient P. morganii cells and of Pilgrim et al. 
(4) with liver homogenates of pantothenate-deficient rats had indicated an 
involvement of pantothenic acid in pyruvate oxidation. More recently, 
the oxidative decarboxylation of pyruvate, both in bacteria and animal 
tissues, has been shown to require DPN,’ lipoic acid, and the pantothenic 
acid-containing CoA, and its mechanism has largely been elucidated (5-9). 
One of the mechanisms (10) of the non-oxidative dissimilation of pyruvate 
to acetoin, which does not require any of the above cofactors (8), involves 
the formation of a-acetolactate as an intermediate (11). 


Pyruvate 
[corn 


‘‘acetaldehyde”’ + CO, 


+ pyruvate x ie, + CoA + DPNt (lipoic acid) 
acetolactate acetyl CoA + DPNH + Ht 


acetoin + CO, 
ScuEME I 


* Aided by grants from the National Institutes of Health, United States Public 
Health Service, the American Cancer Society (recommended by the Committee on 
Growth of the National Research Council), and by a contract (N6onr279, T. O. 6) 
between the Office of Naval Research and New York University College of Medicine. 

t Fellow of the American Cancer Society on recommendation of the Committee 
om Growth of the National Research Council. Present address, Department of 
Pharmacology, New York State Psychiatric Institute, New York. 

'The following abbreviations are used: DPN, diphosphopyridine nucleotide; 
DPT, diphosphothiamine; CoA, coenzyme A. The organism Micrococcus pyogenes 
var. aureus) is referred to as Staphylococcus aureus. 
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Since both the oxidative and non-oxidative pathways of pyruvate me. 
tabolism require DPT and Mg** (10), it is tempting to assume that both 
pathways involve the preliminary decarboxylation of pyruvate to a com. 
mon intermediate (‘‘acetaldehyde” in Scheme I), possibly an acetaldehyde. 
DPT compound (5, 7-9, 12). Competition for this intermediate might 
account for the above mentioned results with pantothenate-deficient and 
normal P. morganii cells (1) and for the inverse relationship of acyloin and 
acetate production reported by Schweet e¢ al. (12) with pyruvate “‘oxidase” 
preparations of pigeon breast muscle. 

Experiments with Aerobacter aerogenes and S. aureus, which were found 
to metabolize pyruvate through either of the routes described, were under- 
taken in order to study the mechanisms of oxidative decarboxylation of 
pyruvate and acetoin formation in these organisms and the possible rels- 
tion between the two processes. 

Through isolation and partial purification of enzyme fractions from A. 
aerogenes it has been shown that the pyruvate oxidation system in this 
organism is similar to that in Escherichia colt (8, 13) and Streptococcus 
faecalis (8) and that the protein Fractions A and B from E£. coli and A. 
aerogenes are mutually replaceable. Some evidence was further obtained 
that the formation of acetolactate from pyruvate by A. aerogenes requires 
more than one protein fraction. No evidence could be obtained that a 
common initial decarboxylation product is involved as a free intermediate 
in both the anaerobic and aerobic pathways. 


Pyruvate Metabolism of Bacterial Extracts 


In unsupplemented cell-free extracts of A. aerogenes and S. aureus, ob- 
tained by sonic disintegration, pyruvate was partly dissimilated to acetoin 
and CO, and partly oxidized. Addition of DPN, and to a lesser extent of 
- CoA, increased pyruvate oxidation and decreased acetoin formation. The 
products of pyruvate oxidation were mainly acetate and CQ, with S. 
aureus and acetyl phosphate and CO, with A. aerogenes extracts. Both 
extracts contained transacetylase as judged by arsenolysis of acetyl phos- 
phate (14). In the presence of pyruvate, extracts of the two organisms 
formed citrate on addition of oxalacetate and crystalline condensing en- 
zyme (15), indicating that acetyl CoA was formed (13). Typical exper- 
ments illustrating the effect of DPN and CoA addition on the pyruvate 
metabolism of S. aureus extracts are shown in Table I. 

The decrease in acetoin formation brought forth by the addition of the 
coenzymes cannot be ascribed solely to competition of the acetoin- and 
acetyl CoA-forming systems for a common intermediate. Both the 8. 
aureus and A. aerogenes extracts contain an enzyme which catalyzes the 
reduction of acetoin to 2,3-butylene glycol by DPNH (Reaction 3).? Un- 


2 Strecker, H. J., and Harary, I., to be published. 


SE 


der 
Ree 
9 al 
(1) 2 
(2) I 
(3) J 
(4) § 
of S 
Exp 
DP 
tion 
Expe 


H. J. STRECKER AND S. OCHOA 315 


der these conditions, acetoin formed via Reaction 1 will be removed through 
Reaction 4, a DPN-linked dismutation which is the net result of Reactions 


2 and 3. 

(1) 2 pyruvate — a-acetolactate + COz — acetoin + CO, 

2) Pyruvate + CoA + DPNt+ — acetyl CoA + CO, + DPNH + H* 
(3) Acetoin + DPNH + H* = 2,3-butylene glycol + DPN* 


(DPN) | 


(4) Sum (2) + (3), pyruvate + CoA + acetoin 
acetyl CoA + CO, + 2,3-butylene glycol 


TABLE I 
Effect of Coenzymes on Pyruvate Metabolism of S. aureus Extracts 


_ The basal system contained 100 um of potassium phosphate buffer, pH 7.6, 1.0 ml. 


of S. aureus extract with 30 mg. of protein, and 50 um of potassium pyruvate in 
Experiment 1. In Experiment 2 the basal system contained, in addition, 0.3 um of 
DPT. DPN and CoA, when added, each 0.15 um. Final volume, 2.0 ml. Incuba- 
tion in air, 60 minutes at 30°. Values in micromoles. 


System | ton | 
1 Basal 16.2 3.06 4.0 0 
17.0 3.65 3.7 
‘« + DPN + CoA 44.6 1.5 19.0 6.5 
40.9 1.5 14.7 5.8 
2 7.3 
+ DPN 1.8 
CoA 6.5 
‘* + DPN + CoA 1.4 


Experiments with Enzyme Fractions from A. aerogenes 


The rate of formation of acetyl phosphate, in the presence of pyruvate, 
phosphate, DPN, CoA, transacetylase, and lactic dehydrogenase, was used 
as the assay for the pyruvate oxidation system (cf. (13)). Formation of 
acetolactate, an intermediate in the conversion of pyruvate to acetoin by 
A. aerogenes, was measured indirectly by determining acetoin before and 
after treatment with aniline which decarboxylates acetolactate to acetoin 
and CO, (16). Treatment of the extracts with calcium phosphate gel 
followed by ammonium sulfate fractionation of the eluate yielded two 
protein Fractions A and B, equivalent to the corresponding fractions of 
E. coli (13), both required for oxidation of pyruvate to acetyl CoA. Frac- 
tion A was also capable of catalyzing the formation of some acetolactate 
from pyruvate. This activity was uninfluenced by Fraction B but was 
markedly increased by a fraction obtained from the gel eluate by precipi- 
tation with ethanol. 
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Enzyme Fractionation—All steps were carried out in the cold. To ever 
100 ml. of bacterial extract, prepared as described under ‘Methods and 
preparations,” were added 12 ml. of an aqueous solution of protamine 
sulfate (0.2 per cent). After stirring for 10 to 15 minutes the mixture was 
centrifuged and the precipitate discarded. 

To every 5.0 ml. of the supernatant solution from the above step were 
added 1.5 ml. of calcium phosphate gel (23.5 mg. of Cas(POx)2 per ml): 
the mixture was stirred for 20 minutes and centrifuged. The supernatant 
solution was again treated with calcium phosphate gel (1.0 ml. per 5.0 ml, 
of solution) as above. This step resulted in considerable separation of the 
butylene glycol dehydrogenase, most of which remained in the super. 
natant fluid. The combined gel precipitates were eluted twice with 05 
M potassium phosphate buffer, pH 7.6, the volume of buffer employed each 
time being about one-sixth that of the original enzyme solution. 

The combined eluates were cooled to 0° and 35 gm. of solid ammonium 
sulfate were added slowly with mechanical stirring to every 100 ml. of 
eluate (about 0.5 saturation). After stirring for a further 30 minutes at 
0°, the mixture was centrifuged in the cold room for 20 to 30 minutes at 
13,000 r.p.m. in a Servall angle centrifuge and the supernatant fluid was 
discarded. The precipitate was dissolved in 0.02 m potassium phosphate 
buffer, pH 7.0, with one-half as much buffer as the original volume of elu- 
ate, and the solution was dialyzed at 3° for 5 hours against the same buffer 
with a change after 2 to 3 hours. The dialyzed solution was adjusted to 
pH 6.0 by dropwise addition of 10 per cent acetic acid. 

The above solution was fractionated with solid ammonium sulfate as 
follows: Fraction 1 was obtained by addition of 26.0 gm. of ammonium 
sulfate to 100 ml. of solution (about 0.37 saturation), Fraction 2 by addition 
of a further 3.5 gm. of ammonium sulfate to 100 ml. of supernatant solu- 
. tion from Fraction 1 (about 0.42 saturation), and Fraction 3 by saturating 
with ammonium sulfate the supernatant solution from Fraction 2. The 
fractions were obtained and collected as described in the preceding para- 
graph. Fraction 2 was discarded. Fractions 1 and 3, which proved to be 
equivalent to Fractions A and B from E£. coli (and will be referred to here- 
after as Fractions A and B, respectively), were separately dissolved in 
0.02 m potassium phosphate buffer, pH 7.0, and dialyzed for 3 hours against 
the same buffer. Fraction A was refractionated with ammonium sulfate 
as above, resulting in some further separation from Fraction B. The 
fractionation procedure is summarized in Table II. Unlike the £. colt 
Fraction A, the A. aerogenes Fraction A is contaminated with transacetyl- 
ase. The fraction contains bound DPT and variable amounts of lactic 
dehydrogenase. Efforts to remove DPT by dialysis against pyrophos- 
phate (cf. (13)) were unsuccessful. 
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As previously mentioned Fraction A has some activity in catalyzing the 
formation of acetolactate from pyruvate. This activity is increased by a 
protein fraction obtained from the calcium phosphate gel eluate as follows: 
The eluate was cooled to 0° and ethanol (cooled to —5°) was added slowly 
with stirring to a concentration of 27 per cent by volume; the temperature 
was gradually lowered to —5°. The mixture was centrifuged at —5° and 
the precipitate was dissolved in 0.01 M potassium phosphate buffer, pH 
70 (Ethanol Fraction 1). A second fraction (Ethanol Fraction 2) was 
obtained at the same temperature by increasing the ethanol concentration 
of the supernatant solution to 33 per cent by volume. The precipitate was 


TaBLe II 
Fractionation of Pyruvate Oxidation System of A. aerogenes 


128 gm. (wet weight) of cells extracted with 300 ml. of phosphate buffer as de- 
seribed under ‘‘Methods and. preparations.” 


| Light 
Step Volume Units* Protein Yield 
ratiof 
ml. mg per cent 
365 60,600 | 11,000 | 0.60 5.5 | 100 
Protamine supernatant solution...) 370 42,420 | 2,960 | 0.71; 14.3 7 
Ca;(PO,)2 gel eluate... 110 19,800 | 1,460 | 0.82 | 13.5 33 
(NH,)28O, ppt. (0-0.5 saturation).| 85.6 | 19,500 | 1,080 1.14 18.9 32 
Fraction A (refractionated)....... 32.4 , 4,500 444, 1.50 10.1 7.4 
Fractions A and B combined......| 65.1 | 21,900 716 30.5 36 


*1 unit = 1.0 um of acetyl phosphate per hour at pH 7.4 and 30°. 


t €280 my/€260 mp: 


collected and dissolved in buffer as before. The acetolactate activity is 
mainly present in this fraction. 

Pyruvate Oxidation System—As shown in Table III, the pyruvate oxida- 
tion system of A. aerogenes is identical to that of EF. coli (13) in its require- 
ment for DPN, CoA, and Fractions A and B for either acetyl phosphate or 
citrate formation. It may also be seen (Fig. 1) that the Z. coli and A. 
aerogenes fractions are interchangeable. 

Incorporation of COz in Carboxryl Group of Pyruvate—Watt and Werkman 
(17) reported that S. aureus preparations catalyzed the incorporation of 
isotopic CO, in the carboxyl group of pyruvate when the latter compound 
was oxidized to acetate and CO». However, in these experiments the 
possibility that the incorporation occurred indirectly via C, dicarboxylic 
acids was not excluded. Korkes et al. (18, 19) observed an exchange of 
C40; with the carboxyl group of pyruvate on incubation with the E. coli 
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Fraction A, in the presence of DPT, under conditions in which there wa 
no net chemical change. Similar observations were reported by Goldbeg 
and Sanadi (20) with preparations of pyruvate “oxidase” of pigeon breag 
muscle. In the experiments of Korkes et al. the possibility that the (0, 


TABLE III 
Pyruvate Oxidation with A. aerogenes Protein Fractions 


The reaction was measured as the DPN-linked dismutation 2 pyruvate + Co4 
— acetyl CoA + CO:2 + L-lactate catalyzed by Fractions A and B and lactic dehy. 
drogenase (present in variable amounts in Fraction A). Acetyl CoA reacts to give 
acetyl phosphate and CoA in the presence of orthophosphate and transacetylase 
(present in excess in Fraction A), or citrate and CoA in the presence of oxalacetate 
and condensing enzyme. With the transacetylase and citrate systems present 
orthophosphate and oxalacetate compete for acetyl] CoA (see Experiment 2). The 
complete system consisted of potassium phosphate buffer, pH 7.4, 100 uM; potassium 
pyruvate, 50 um; L-cysteine, 8.0 um; MnCl2, 1.0 um; DPT, 0.3 um; DPN, 0.15 uM; an 
excess of lactic dehydrogenase and other additions as follows: Experiment 1, CoA, 
0.015 um; Fractions A and B, 1.0 and 1.8 mg. of protein, respectively; final volume 1. 
ml.; Experiment 2, CoA, 0.03 um; oxalacetate, 200 um; crystalline condensing en- 
zyme, 0.03 mg.; Fractions A and B, 0.7 and 0.4 mg. of protein, respectively; final 
volume, 1.25 ml. Incubation in air at 25°; Experiment 1, 30 minutes; Experiment 2 
60 minutes. Experiments 1 and 2 were carried out with different preparations of the 
bacterial fractions. Values in micromoles. 


Experiment 1 Experiment 2 
System 
Acetyl phosphate | Citrate formed | Acety! phosphate 
0.5 0.2 0.6 
0.6 
0.4 
3.8 
‘* lactic dehydrogenase.......... 3.8 0.6 3.5 
‘* condensing enzyme...... 0.8 8.9 


exchange might occur indirectly was completely excluded. This point has 
been discussed by Korkes (19) and will not be repeated here. However, 
since the exchange experiments with the E. coli fraction have not been 
reported in detail, they will be described here, together with experiments 
with the A. aerogenes fractions. 

The purified protein fractions were incubated with pyruvate and Na- 
HC*O;, with or without supplements, as indicated in Table IV. The 
reaction was stopped by acidification with sulfuric acid and the denatured 
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protein removed by centrifugation. The supernatant solution was gassed 
for 2 hours with carbon dioxide and for 20 minutes with nitrogen and was 
then adjusted to pH 5.5 by addition of 6.0 N NaOH. An aliquot of this 
lution was shaken overnight with a purified yeast carboxylase prepara- 
(jon in the main space of a Warburg vessel containing 0.2 n NaOH in the 
enter well; the CO, thus released from the carboxyl group of pyruvate was 
absorbed by the alkali. An aliquot of the NaOH solution was absorbed 


nr 


A ACETYL PHOSPHATE /30 MIN. (uM) 


”) A. aerogenes Fract.A E.coli Fract.A 
constant constant 

| 


FRACTION B PROTEIN (MG.) 


Fig. 1. Crossing of Fractions A and B from E. coli and A. aerogenes. Pyruvate 
oxidation measured through the formation of acetyl phosphate under the conditions 
of Experiment 1, Table III. A, constant amount of A. aerogenes Fraction A (0.7 mg. 
of protein), with increasing amounts of A. aerogenes Fraction B (Curve 1) or E. coli 
Fraction B (Curve 2). 8B, constant amount of £. coli Fraction A (0.8 mg. of protein) 
containing some transacetylase, with increasing amounts of E. coli Fraction B (Curve 
l) or A. aerogenes Fraction B (Curve 2). 


on a disk of lens tissue and dried and the radioactivity was determined 
with a gas flow counter. 

As shown in Table IV, the CO. exchange occurs in the presence of Frac- 
tion A of either E. coli or A. aerogenes. Fraction B is inactive and CoA is 
not required. Experiments 1 and 2 with FE. coli fractions also show that 
the exchange is markedly dependent on the presence of DPT. The failure 
to obtain a significant DPT-dependence with the A. aerogenes Fraction A 
reflects the previously mentioned failure to remove DPT from this fraction. 

The CO, exchange results have been interpreted (18) as indicating that 
the protein Fraction A contains an enzyme catalyzing Reaction 5 where 
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(5) Pyruvate + X = acetaldehyde-X + CO, 


X might be DPT. The acetaldehyde-X compound would correspond tj 
the “acetaldehyde” of Scheme I. It should be emphasized, however, thy 
there is no direct evidence that the reaction responsible for the exchange 's 
an integral part of the oxidation system. 


TABLE IV 
Enzymatic Exchange of C'4O,2 with Carboryl Group of Pyruvate 


The basal system consisted of potassium phosphate or tris(hydroxymethyl)s. 
minomethane buffer, pH 7.4, 100 um; MnCl2, 2.0 um; potassium pyruvate, 50 ein 
Experiments 1 and 2, 100 um in Experiment 3; and NaHC"O3;, 1.6 X 108 ¢.p.m. ip 
Experiments 1 and 3, 5 X 10° c.p.m. in Experiment 2. Additions, when indicated, 
were made as follows: Fraction A, 8.0 mg. of protein in Experiment 1, 13.0 mg. in 
Experiment 2, and 7.0 mg. in Experiment 3; Fraction B, 3.0 mg. of protein in Exper. 
ment 1, 5.5 mg. in Experiment 2, and 5.0 mg. in Experiment 3; DPT, 1.5 um in Ex. 
periments 1 and 2, 0.9 um in Experiment 3; and CoA, 0.2 um, together with L-cysteine, 
8.0 uM, in Experiment 1. Final volume, Experiment 1, 4.0 ml.; Experiments 2 and3, 
2.0 ml. Incubation in air at 25°; Experiments 1 and 2, 30 minutes; Experiment 3, 
4 hours. [Experiments 1 and 2 were carried out by Korkes, Cori, and del Campillo 
(18). 


E. coli fractions A. aerogenes fractions 
Additions to basal system 
in- CO: in- CO: in- 
Pyruvate Pyruvate Pyruvate 
co co 
—COOH | | —COOH | Sia | | Se 


c.p.m. per cent c.p.m. per cent c.p.m. | per cent 


I ag 186 0.01 930 0.02 1288 | 0.08 
4980 0.31 | 45,234 0.90 1746 | 0.11 
0 0 0 | 0 

Fractions A and B + DPT..... 32,412 0.65 1728 | 0.10 


Acetoin Formation—The fact that the Z. coli Fraction A (but not Frac- 
tion B) can form acetoin from pyruvate on addition of acetaldehyde and 
DPT (19) is of interest in connection with the experiments of the preceding 
section. Both kinds of results support the view that Fraction A contains 
a component capable of catalyzing the DPT-dependent decarboxylation of 
pyruvate to an active “acetaldehyde” which can either undergo oxidation 
or react with acetaldehyde to form acetoin (cf. (10)).* In A. aerogenes (11) 


3 The fact that the pyruvate oxidation and acetoin-forming activities of Fraction 
A appear to go together was occasionally made use of by employing the rate of forma- 
tion of acetoin from pyruvate and acetaldehyde as an assay in the further purification 
of the E. coli Fraction A following partial separation of the fractions with ammonium 
sulfate. 
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and S. faecalis (21) the active “‘acetaldehyde” would react with pyruvate 
to form acetolactate which is decarboxylated to acetoin by a separate 
enzyme. Some evidence has been obtained that more than one protein 
fraction is involved in the conversion of pyruvate to acetolactate in A. 


aerogenes. 

During the fractionation of the pyruvate oxidation system of A. aero- 
genes fractions were routinely assayed for acetoin-forming activity. This 
activity underwent a more or less marked decrease following adsorption 
on and elution from calcium phosphate gel. The decrease seemed to be 
due to partial removal of acetolactic carboxylase, because the amount of 
acetoin formed after incubation of the gel eluate with pyruvate was greatly 
increased on incubation of the deproteinized solutions with aniline acetate 


TABLE V 
Formation of Acetolactate from Pyruvate by A. aerogenes Protein Fractions 


The samples contained 100 um of potassium phosphate buffer, pH 7.4, 100 um of 
potassium pyruvate, 1.0 um of MnCle, 0.3 um of DPT, and either Fraction A with 1.4 
mg. of protein, Ethanol Fraction 2,* or both. Final volume,1.0 ml. Incubation in 


air; 30 minutes at 25°. 


Acetoin formedt 


Enzyme 
BM 
11.5 


*The amount of protein was not determined, but it could not be higher than 0.5 


t Determined after treatment with aniline acetate. 


which, as previously mentioned, decarboxylates acetolactate to acetoin and 
CO,. These results were interpreted to mean that the gel eluate contained 
the system catalyzing the conversion of pyruvate to acetolactate but only 
limiting amounts of acetolactic carboxylase. The acetolactate-forming 
activity underwent a marked decrease on further fractionation of the gel 
eluate. Following the separation of Fractions A and B the activity still 
remaining was present in Fraction A exclusively. The activity was further 
decreased following dialysis of the fraction and could not be restored by 
addition of the lyophilized dialysate, or boiled extracts of A. aerogenes cells, 
yeast, or liver. Fraction B was also inactive in this respect. 

Fractionation of the gel eluate with ethanol, as described in a previous 
section, yielded fractions capable of catalyzing the formation of some aceto- 
lactate from pyruvate. Combination of one of these fractions (Ethanol 
Fraction 2) with Fraction A resulted in a 2-fold increase over the sum of 
the activities of the fractions assayed separately. This is shown in Table 
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V. The Ethanol Fraction 1 behaved like Fraction A, although it forme 
more acetolactate by itself. Both Ethanol Fractions 1 and 2 were quit 
unstable, all activity being lost after storage for 2 to 3 days at —18°. 
The above results suggest that two enzymes are involved in the conver. 
sion of pyruvate to acetolactate. One of these enzymes is mainly present 
in Fraction A and in the Ethanol Fraction 1, the other in the Ethanol 
Fraction 2. Since, as indicated by the CO, exchange experiments and the 
results (19) on acetoin formation by E. colt protein fractions, Fraction 4 
contains a component catalyzing the decarboxylation of pyruvate to “acet. 
aldehyde” in the presence of DPT, it is likely that the Ethanol Fraction 


TABLE VI 


Formation of Acetyl Phosphate and Acetoin by A. aerogenes Fraction at Various 
Pyruvate Concentrations 


The samples contained 100 um of potassium phosphate buffer, pH 7.4, 8.0 um of 
L-cysteine, 1.0 um of MnCl2, 0.3 um of DPT, 0.15 um of DPN, Ca3(PO,)> gel eluate with 
1.3 mg. of protein, and excess of lactic dehydrogenase, and pyruvate and CoA as 
indicated. Transacetylase is present in Fraction A. Final volume, 1.0 ml. Ineu- 
bation in air; 30 minutes at 25°. Acetoin determined after treatment with aniline 
acetate. Values in micromoles. 


0.035 M pyruvate | 0.045 M pyruvate 0.2 M pyruvate 


CoA added 
0 a eo 0.6 4.3 0.4 10.2 
0.015 ae ee 2.3 3.1 2.9 10.2 
0.030 3.5 2.7 3.5 11.9 
0.045 4.2 | 1.2 4.2 2.6 4.4 11.9 


. 2 contains a component catalyzing the formation of acetolactate from 
‘“‘acetaldehyde”’ and pyruvate. 

Simultaneous Formation of Acetyl Phosphate and Acetoin—Some experi- 
ments were carried out with a calcium phosphate gel eluate fraction (see 
Table II) from A. aerogenes capable of converting pyruvate to acetoin' 
without further supplementation, and to acetyl phosphate and COz, on 
addition of CoA and DPN under the conditions of Table III. This prepa- 
ration contained very little butylene glycol dehydrogenase. 

On addition of CoA to an otherwise complete system there was increased 
production of acetyl phosphate, while the formation of acetoin was either 
decreased or unchanged depending on the concentration of pyruvate. As 
shown in Table VI the rate of acetoin formation was unchanged when the 
concentration of pyruvate was high. The rate of acetyl phosphate forma- 


‘Determined after treatment of the deproteinized reaction mixtures with aniline 
acetate. 
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tion, at the various CoA concentrations, remained the same at low and 

concentrations of pyruvate. Separate experiments demonstrated 
(Fig. 2) that the pyruvate saturation level for acetyl phosphate formation 
was about 0.05 m, while the acetoin-forming system was not yet saturated 
with 0.3 M pyruvate under the conditions employed. Similar results were 
obtained by Dolin and Gunsalus (21) with S. faecalis. 
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PYRUVATE CONCENTRATION (M) 


Fic. 2. Rate of formation of acetyl phosphate and acetoin by A. aerogenes fraction 
as a function of the pyruvate concentration. Conditions as in Experiment 1, Table 
II]. Enzyme, Ca;(PO,4)2 gel eluate with 3.2 mg. of protein. Acetoin determined 
after treatment with aniline acetate. Curve 1, acetyl phosphate; Curve 2, acetoin. 


The above results would not seem to support the view represented in 
Scheme I that ‘‘acetaldehyde”’ is produced as a free intermediate by a 


Pyruvate 


(F,, DPT, \e DPT, Mg++) 


‘‘acetaldehyde”-E; + CO, ‘facetaldehyde”-E, + CO, 


+ pyruvate + CoA + DPN (lipoie acid) 


acetolactate acetyl CoA + DPNH + Ht 


acetoin + CO, 
ScHEeME II 


decarboxylating enzyme common to the acetoin- and acetyl CoA-forming 
systems.’ As it is difficult to imagine the existence of different products of 


‘In this connection it may be mentioned that it was not possible to activate 
pyruvate by the Aerobacter enzymes to act as an acceptor of the C2 unit generated 
by the E. coli Fraction A. 
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pyruvate decarboxylation in view of the identical cofactor requirements 
the decarboxylation might be catalyzed by different proteins (FE; and , jp 
Scheme II) to give the same “acetaldehyde,” but this would remain boun 
to these proteins and undergo further reaction in this form. 


Methods and Preparations 


A. aerogenes and S. aureus were grown in a medium containing 1.0 pe 
cent glucose, 0.3 per cent peptone, 0.3 per cent yeast extract, 1.5 per cen 
dipotassium phosphate, and 10 per cent tap water made up to volume with 
distilled water. The cells were harvested with a Sharples centrifuge afte 
18 to 20 hours of growth at 30° and washed once with distilled water. The 
cells were then suspended in 3 volumes of 0.01 m potassium phosphate 
buffer, pH 7.0, and subjected to sonic vibration for 30 to 45 minutes with 
a Raytheon (9 ke.) oscillator. The resulting suspension was centrifuged in 
a Servall angle centrifuge at 13,000 r.p.m. for 20 to 30 minutes and the 
precipitate of cell débris discarded. 

Depending on the products to be analyzed, the reaction mixtures wer 
deproteinized by the addition of the following per ml.: For acetic, pyruvic, 
and lactic acids, 0.3 ml. of 3.0 N sulfuric acid; for citrate and acetoin, 1, 
ml. of 12 per cent trichloroacetic acid. Acetic acid was determined by 
titration after steam distillation of protein-free filtrates of reaction mix- 
tures incubated with and without pyruvate. The excess acid in the forme 
was considered to be acetate formed from pyruvate. No correction was 
made for the small amounts of pyruvate or lactate that would be carried 
over in the distillate. Acetyl phosphate was determined as hydroxamiec 
acid by the method of Lipmann and Tuttle (22), citrate according to 
Natelson et al. (23), pyruvate by the method of Friedemann and Haugen 
(24), and lactate by the method of Barker and Summerson (25). Butylene 
glycol was oxidized to diacetyl (26) and this compound, as well as acetom, 
was determined by the method of Westerfeld (27). Diacety]l was also 
determined according to White et al. (28) when acetoin was present. Ace- 
tolactate was determined as acetoin after incubation with aniline acetate 
(equal volumes of aniline and 50 per cent acetic acid). Protein was deter- 
mined spectrophotometrically by measurement of the light absorption at 
wave-lengths 280 and 260 mu, with a correction for the nucleic acid con- 
tent (29). 

Lactic dehydrogenase was obtained as a crystalline fraction from rabbit 
muscle (13). Crystalline potassium pyruvate was prepared according to 
Korkes et al. (13). CoA (purity, about 60 per cent) was obtained from 
the Pabst Laboratories, and DPN (purity, 75 per cent) from the Sigma 
Chemical Company. Protamine sulfate was generously supplied by E. R. 
Squibb and Sons and Eli Lilly and Company. Calcium phosphate gel was 


prep 

Bf 

was 
fron 
l. 

met, 

Adc 

py 
acet 
DP! 

but 

and 

qui 

py 
frac 

3 
and 
in t 
effec 

4 
inte 

req 

p | 

pat 
1. 

2. 

3. 

4, 

5. 

| 6. 
i. 

8, 

9, 

10. 

ll. 


H. J. STRECKER AND S. OCHOA 325 


prepared according to Keilin and Hartree (30). Some of the EZ. coli A and 
B fractions were provided by Dr. S. Korkes and Mrs. A. T. Cori. DPT 
was supplied by Merck and Company, Inc. Transacetylase was purified 
from Streptococcus haemolyticus by an unpublished method of S. Korkes. 
Yeast carboxylase was prepared by the method of Green et al. (31). 


SUMMARY 


1. Cell-free extracts of Staphylococcus aureus and Aerobacter aerogenes 
metabolize pyruvate both by dissimilation to acetoin and by oxidation. 
Addition of DPN, and to a lesser extent of CoA, to these extracts increases 
pyruvate oxidation and decreases acetoin formation. The decrease in 
acetoin formation was found to be due, at least in part, to the action of a 
DPN-linked dehydrogenase catalyzing the reduction of acetoin to 2,3- 
butylene glycol. 

2. The pyruvate oxidation system of A. aerogenes was partially purified 
and resolved into two protein Fractions A and B, both of which are re- 
quired, besides DPN and CoA, for the formation of acetyl CoA from 
pyruvate. The two protein fractions are similar to the corresponding 
fractions of /. coli and interchangeable with them. 

3. In the presence of the protein Fraction A (from E. coli or A. aerogenes) 
and DPT there is an exchange of C“QO, with the carboxy] group of pyruvate 
in the absence of a net chemical reaction. Fraction B and CoA have no 
effect on the exchange. The significance of this reaction is discussed. 

4. Indications were obtained that the formation of acetolactate, an 
intermediate in the conversion of pyruvate to acetoin in A. aerogenes, 
requires two protein components, one of which is present in Fraction A. 

5. No evidence could be obtained that a common initial decarboxylation 
product is shared as a free intermediate by the non-oxidative and oxidative 
pathways of pyruvate metabolism. An alternative possibility is suggested. 
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DEUTERIUM STUDIES ON THE MECHANISM OF ENZYMATIC 
AMINO ACID DECARBOXYLATION * 


By STANLEY MANDELES,t RAY KOPPELMAN, ano MARTIN E. 
HANKE 


(From the Department of Biochemistry, University of Chicago, Chicago, Illinois) 
(Received for publication, January 25, 1954) 


The properties of amino acid decarboxylases have been reviewed (1-3). 
In nearly all cases the L-amino acid is attacked with removal of the a-car- 
boxyl group. Exceptions are the decarboxylation of p-lysine by certain 
bacilli (4, 5) and the removal of the 8-carboxyl of aspartic acid (6). For 
many of the amino acid decarboxylases pyridoxal-5-phosphate has been 
demonstrated to be the coenzyme (3). 

Pyridoxal-5-phosphate is known to form Schiff bases with amino acids 
(7), and this has led to speculation on the mechanism of the reaction. 
Werle and Koch (8) presented a scheme shown in Fig. 1, based on the 
formation of such a Schiff base. This scheme was suggested by the 
observation of Wieland and Bergel (9) that a-imino acids are readily decar- 
boxylated. Wieland also noted that certain a-amino acids, like a-amino- 
isobutyric acid, which have no imino form are very difficult to decarbox- 
ylate. In a personal communication, Dr. F. H. Westheimer pointed out 
that, if a Schiff base is involved, the enzymatic decarboxylation of amino 
acids may proceed by a mechanism closely akin to that proposed by Herbst 
and Rittenberg (10) for the reaction between a-keto and a-amino acids. 
Westheimer’s suggestion is shown in Fig. 2. 

The essential difference between the two mechanisms lies in the groups 
which satisfy the valences of the amino carbon during the reaction. 
Werle’s scheme, Fig. 1, involves removal of the hydrogen atom from this 
carbon before decarboxylation, while in Westheimer’s proposal, Fig. 2, this 
hydrogen atom remains fixed to the carbon throughout. The former re- 
quires the addition of 2 hydrogen atoms from the solvent to the amino 
carbon, in contrast to 1 hydrogen atom in the latter. If enzymatic de- 
carboxylation of an amino acid is carried out in D,O, deuterium rather 
than hydrogen will be added to the amino carbon, and the deuterium 
content of the resultant amine allows a decision between the two mech- 
anisms. 


* This investigation was aided by a grant from the Dr. Wallace C. and Clara A. 
Abbott Memorial Fund of the University of Chicago. 
t Predoctoral Research Fellow of the National Institutes of Health, United States 
Public Health Service, 1952-53. 
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Osipenko (11) carried out the partial decarboxylation of tyrosine in y 
per cent D.O and reported 2 atoms of deuterium per molecule of amin 


COoH 
H-C=0 HoN-C-H H-C=N-C-H 
| +720) | | 
H 
I I mm w 
+602 {| 
H-C=0 H—C=N-C-H H-C-N=C 
+ R R R 
= | | 
H 
I 


Fig. 1. Werle’s proposed mechanism of decarboxylation. 1, pyridoxal phosphate; 
II, amino acid; III, pyridoxylidene amino acid; IV, imino tautomer of III; V, VI, 
pyridoxylidene amine tautomers; VII, amine. 


H-C=0 H3N'-C-H H-C=N-C-H 
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+H20 
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H-C=0 H3N-C-H H-C=N-C-H H-C-N=C-H 
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Fig. 2. Westheimer’s proposal for decarboxylation. I, pyridoxal phosphate; II, 
amino acid; III, pyridoxylidene amino acid; IV, resonance hybrid of the pyridoxyli- 
dene amine; V, ionic form of the pyridoxylidene amine; VI, amine. 


in support of Werle’s mechanism. However, the work reported here, with 
decarboxylases of lysine, tyrosine, and glutamic acid, shows the introduc- 
tion of only 1 atom of deuterium per molecule of amine formed, as pre- 
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dicted by Westheimer. In addition, the results indicate that the essential 
nature of decarboxylase action is an asymmetric labilization of 1 valence 
of the a-carbon of the amino acid which may be reversibly occupied by 
hydrogen, deuterium, or carboxyl. 

Materials 

Enzymes—Our first preparations of glutamic decarboxylase were lyophil- 
ied cells of Clostridium welchit SR 12, which had been grown in a 2.9 
per cent Difco thioglycolate medium for 16 hours at 30°. The yields were 
750 to 900 mg. per liter of medium, with a specific activity of 0.14 to 0.18. 
Specific activity is defined as the number of micromoles of amino acid 
decarboxylated per mg. of enzyme per minute at 30°. Later we preferred 
to prepare glutamic decarboxylase from a strain of Escherichia coli kindly 
supplied by Dr. V. Najjar of The Johns Hopkins University. After 16 
hours incubation at 37° in 3 per cent Difco trypticase soy broth, the cells 
were collected by centrifugation, washed twice with ice-cold water, twice 
with acetone at —40°, and dried in vacuo. The yields were 600 to 700 
mg. per liter, with a specific activity of 0.5. 

Lysine decarboxylase was prepared as an acetone powder from water- 
washed cells of Bacterium cadaveris, grown for 12 hours at 37° in a medium 
containing 10 gm. of Difco veal infusion medium, 20 gm. of glucose, and 
10 gm. of Difco Casamino acids per liter. The yields were 200 to 300 mg. 
of acetone powder per liter, with a specific activity of 0.4 to 0.5. 

Tyrosine decarboxylase was prepared as an acetone powder from water- 
washed cells of Streptococcus faecalis R, grown in a medium containing 10 
gm. of glucose, 10 gm. of Difco Casamino acids, 1 gm. of yeast extract, 
1 gm. of tyrosine, and 1 mg. of pyridoxine per liter, for 16 hours at 37°. 
The yields were 100 mg. of acetone powder per liter, with a specific activity 
of 0.3 to 0.55. 

Addition of pyridoxal-5-phosphate to our preparations of lysine and 
tyrosine decarboxylases resulted in a 20 to 40 per cent increase in activity, 
whereas no such increase in activity was observed when this cofactor was 
added to the glutamic decarboxylase. Pyridoxal-5-phosphate has been 
shown to be the coenzyme for lysine decarboxylase (12), tyrosine decar- 
boxylase (13), and the glutamic decarboxylase of C. welchii SR 12 (6) 
and coli (14). 

Amines and Amino Acids—Lysine, tyrosine, glutamic acid, and tyra- 
mine were commercial preparations. Tyramine was purified by isoelectric 
precipitation. Cadaverine was prepared by the enzymatic decarboxyla- 
tion of lysine. y-Aminobutyric acid was prepared by the hydrolysis of 
pyrrolidone (15), which was kindly supplied by the Allied Chemical and 
Dye Corporation. 
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Other Materials—Pyridoxal-5-phosphate was kindly supplied by Merck| Al 
and Company. 99.8 per cent D,O was purchased from the Stuart Oxygen] Tyr 
Company. later 

Methods 

With the exception of Experiment 1, all reactions were carried out at a} by € 
final D.O concentration of not less than 99 per cent. Experiment 1 was prot 
carried out in 20 per cent D,O in order to simulate the conditions reported | forn 
by Osipenko. 

TABLE I 
Composition of Reaction Mixtures with Amino Acid As Initial Reactant Xabi 
| Enzyme a 
Experiment | Amino acid Compound isolated 
oxylation 
|B: 
—— 
mg. 5 
Osipenkot 1 mM L-tyrosine Tyramine None | 40 5 
lt 55 |0.5 | Tyrosine 61.5 5 
Tyramine 3.9 5 
2t 200 uM L-tyrosine 50 (0.3 o 33.4 | 100 6 
300 “ L-lysine 62 Cadaverine 
4al| y-Aminobutyric| 47.8 | 100 6 
100 L-glutamic acid 50 '0.18) acid 
4b 48.4 | 100 
wit 
* Specific activity is defined as the micromoles of amino acid decarboxylated per | 
mg. of enzyme per minute at 30°. 

t Carried out in 0.2 m acetate, pH 5.6, 20 per cent D,O. 

t pH 6.5, maintained by addition of acid. 

§ pH 6.5, maintained by addition of acid; ‘‘a’’ and ‘‘b’’ are different time samples. | 

| Carried out in 0.06 mM acetate, pH 4.9; ‘‘a’’ and ‘‘b”’ are different time samples. " 

Reaction mixtures with the individual amines or amino acids were pre- | @ 
pared as shown in Tables I and II. The reactions were carried out at | # 
room temperature for the desired length of time, except Experiment | ) 
which was performed at 37°. In all other cases, the reaction times were | ® 
greatly in excess of those required for analytically complete decarboxyla- 
tion. At the conclusion of a reaction, enzyme activity was destroyed by | ¥ 
heating the strongly acidified reaction mixture in a boiling water bath for kK 
15 minutes. The non-isotopic form of the specific diluent was added ls 
to each reaction mixture according to the dilution factor shown in Tables 
Iand II. The denatured enzyme protein was then removed, almost quan- | 3 
titatively, by centrifugation. : 


. 
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After the above steps, the amino acid or amine was isolated as follows. 
Tyrosine was isolated by isoelectric precipitation. Tyramine was iso- 
lasted as the O,N-dibenzoyl derivative. Cadaverine was separated by 
ether extraction of the strongly alkaline deproteinized reaction mixture 
and isolated as the dihydrochloride. y-Aminobutyric acid was isolated 
by ethanol precipitation from the effluent obtained on passage of the de- 
proteinized reaction mixture through a Dowex 2 column in the chloride 


form. « 


TABLE II 
Composition of Reaction Mixtures with Amines As Initial Reactants 
Dilution 
No Amine Compound isolated factor 
Weight activity 
mg. 
5a* 40 uM cadaverine 10 0.28 | Cadaverine 19.9 
5b 40 ‘ 10 0.28 19.9 
5c 40 10 0.28 20.0 
5d 40 15 0.45 11.1 
5e 40 15 0.45 11.0 
5ff 40 None 11.2 
bat 50 ‘‘ y-aminobutyric acid 30 0.5 y-Aminobutyric}] 48.6 
acid 
6b 50‘ 60 0.5 49.2 


* All reactions with cadaverine were carried out in 0.03 m bicarbonate, pH 6.5, 
with addition of 20 7 of pyridoxal phosphate to each. 

t Conditions same as 5c, both incubated for 50 hours. 

} All reactions with y-aminobutyrate were carried out in 0.06 mM acetate, pH 5.12. 


After the initial isolation of these compounds, their aqueous solutions 
were evaporated to dryness several times to insure removal of all deuterium 
in labile positions in the molecule. This is particularly important in the 
case of tyramine and tyrosine, since exchange of hydrogen atoms ortho 
and para to the phenolic group occurs with a wide variety of phenols and 


_ phenol ethers, including tyrosine (16, 17), but at a much slower rate than 


exchange of amino and carboxy] hydrogen. 

Deuterium-labeled y-aminobutyric acid was oxidized to succinic acid 
with neutral permanganate. Deuterium-labeled cadaverine was oxidized 
to glutaric acid with alkaline permanganate, and the glutaric acid was iso- 
lated as the dianilide. 

Samples from all experiments were analyzed for deuterium content by a 
modification of the method devised by Graff and Rittenberg (18). This 
involves combustion of the sample in a stream of oxygen and collection of 
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the water formed. This water is reduced to hydrogen gas in a zine fur. 
nace, and the deuterium content of the gas is determined with the mass 
spectrometer. All samples were burned in triplicate, and the atom per 
cent excess deuterium is the average of the results of three combustions, 


DISCUSSION 


The data in Table III show that, in our experiments, the amines formed 
by enzymatic decarboxylation of lysine, tyrosine, and glutamic: acid in 
99.8 per cent D.O contain no more than | atom of deuterium per molecule. 
The 1 atom of deuterium per molecule of tyramine found in these experi- 
ments, particularly in Experiment 1, the simulation of Osipenko’s experi- 


TaBLeE III 
Deuterium Content of Amines from Decarboxrylation Reactions 
age Theoretical' Atoms 
Experiment Amine ‘connie D found |D corrected, D for 1 D per 
action® per molecule, molecule 
alom per alom per atom per 
cent excess | cent excess | cent excess 
Osipenko Tyramine 1.89 1.80 1.05 1.72 
1 0.168 0.66 1.05 0.63 
2 x 117 0.156 5.19 5.26 0.98 
3a Cadaverine 90 0.210 5.25 6.25 0.84 
3b a 180 0. 204 5.17 6.25 0.83 
4a y-Aminobutyrie acid | 216 0.222 | 10.6 11.1 0.96 
4b | a0 an 2590 0.217 10.4 11.1 0.95 


* Opportunity for enzyme action is defined as the mg. of enzyme times the specific 
activity times the minutes of action divided by the micromoles of amino acid or 
amine. 


ments, is in direct opposition to the 2 atoms reported by Osipenko. The 
most probable explanation for the high deuterium content of the tyramine 
isolated by Osipenko is that deuterium, which entered the benzene ring by 
exchange at positions ortho and para to the phenolic hydroxyl, was in- 
completely removed, although precautions to remove such exchangeable 
deuterium were reported to have been taken. We conclude that any mech- 
anism which postulates the introduction of 2 deuterium atoms into each 
molecule of amine formed, like Werle’s, is excluded, whereas that of 
Westheimer is permissible. 

The data of Table IV show that the glutaric and succinic acids isolated 
after oxidation, respectively, of deuterocadaverine and deutero-y-amino- 
butyrate contain approximately the normal abundance of deuterium. This 
indicates that the deuterium in the original amines was located entirely on 
the amino carbon. 
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Experiments 5c and 5f (Table V) differ only in that enzyme was omitted 
in the latter. The low deuterium content of the amine in Experiment 5f 
(0.015 atom of D per molecule) indicates that a minute amount of deu- 
terium may have been introduced non-enzymatically, possibly by action of 
the catalytic amount of pyridoxal-5-phosphate (20 7) which was present in 
each reaction mixture. The several fold greater incorporation of deu- 


TABLE IV 
Deuterium Content of Acids from Oxidation of Cadaverine and y-Aminobutyric Acid 
Acid and source D found 
atom per cent 
Glutaric acid dianilide from cadaverine.................. 0.05 
Suecinie acid from y-aminobutyric acid.................. 0.03 


TABLE V 
Deuterium Content of Amines When Amine Is Initial Reactant 
Amine Yor enzyme D found D corrected D 
atom per cent | atom per cent 
excess excess 
5a. Cadaverine 42 0.011 0.22 0.035 
5b 2 139 0.022 0.44 0.07 
210 0.023 0.46 0.07 
5d ™ 485 0.087 0.96 0.15 
5e ” 1285 0.112 1.23 0.20 
5f se None 0.008 0.09 0.015 
6a y-Aminobutyric acid 216 0.030 1.5 0.14 
6b 864 0.067 3.3 0.30 
6c sas $5 2590 0.115 5.7 0.51 


terium in Experiment 5c compared to Experiment 5f demonstrates that the 
incorporation of deuterium in Experiments 5a to 5e and Experiments 6a 
to 6c is predominantly dependent on enzyme action. 

The deuterium content of the amines, when amino acids are the initial 
reactants, remains constant throughout large increases in the opportunity 
for enzyme action,! as shown by Experiments 3 and 4 (Table III). With 
these same increases in the opportunity for enzyme action, there was a 
progressive rise in the deuterium content of the amines when the non-iso- 
topic amines were initial reactants, as shown in Table V. This strengthens 


'See Table III for numerical definition. 
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the conclusion that 1, and not more than 1, atom of deuterium can be ip. 
corporated into an amine by the action of its decarboxylase in D.O. If 
it were at all possible for more than 1 atom of deuterium to enter the mole. 
cule of amine by action of its decarboxylase, one would expect that the 
same conditions which permit the deuterium content of the non-isotopic 
amine to increase from 0.14 to 0.51 atom of deuterium per molecule (see 
the data for y-aminobutyrate in Table V) would permit the isotopic amine 
containing 0.95 atom of deuterium per molecule (arising from the amino 
acid as initial reactant) to increase its deuterium content to well over | 
atom of deuterium per molecule. The failure to find such an increase over 
1 atom demonstrates conclusively that 1 atom represents a natural limit 
for the incorporation of deuterium by the action of these decarboxylases, 

In addition to the decarboxylation of amino acids and the introduction 
of deuterium into amines, these decarboxylases have been shown to cata- 
lyze a third reaction: the carboxylation of amines with synthesis of the 
corresponding L-a-amino acids (19-21). The asymmetric nature of all 
three of these reactions is identified with and determined by a fixed spatial 
interrelation of 3 of the 4 valences (NH2, R, and H) of the amino carbon 
and labilization of the 4th valence which, under the influence of the en- 
zyme, may be interchangeably occupied by carboxyl, hydrogen, or deu- 
terium. In other words, just as during the carboxylation of the amine 
the enzyme selects that hydrogen whose replacement by carboxy] will re- 
sult in the formation of the L-a-amino acid, so also, when an amine (or 
amino acid) is exposed to its decarboxylase in the presence of D.O, this 
same hydrogen (or carboxyl) is selected for replacement by deuterium. It 
follows that the monodeuteroamine which is formed by these actions is one 
of a pair of enantiomorphs.? One may conclude that the distinctive nature 
of the “decarboxylase” action is an asymmetric labilization of a particular 
- position on the amino carbon for exchange of hydrogen, deuterium, or 
carboxyl. In the presence of an excess of H.O the action of a decarboxyl- 
ase on its amino acid or amine leads to the formation of the non-isotopic 
amine; in the presence of D.O, the product is one enantiomorph of the 
monodeuteroamine; in the presence of bicarbonate, a minute amount of the 
L-amino acid exists at equilibrium (20, 21). 


2 Evidence for the distinct existence of these two enantiomorphs is the observa- 
tion that the monodeutero-y-aminobutyrate formed by the enzymatic decarboxyla- 
tion of glutamate in D.O exchanged its deuterium with H,O under the influence of 
the decarboxylase. The other enantiomorph, prepared by enzymatic decarboxyla- 
tion in H.O of L-a-deuteroglutamate, did not exchange its deuterium with H,0, under 
the same conditions. The L-a-deuteroglutamate was prepared by action of glutamic 
racemase obtained from Lactobacillus arabinosus (22, 23) on either p- or L-glutamate 
in the presence of D2O (24). 
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SUMMARY 


During the enzymatic decarboxylation in D,O of lysine, tyrosine, or 
glutamate, 1, and not more than 1, atom of deuterium is introduced on the 
amino saaibein of the amine whieh is formed. This observation excludes 
any reaction mechanism which involves the intermediate formation of an 
imino acid and is in agreement with the mechanism proposed by West- 
heimer, which specifies that 1 hydrogen atom remains attached to the 
amino carbon throughout the decarboxylation. Action of the decarboxy!- 
ases on the amines (without initial presence of amino acids) also results 
in the introduction of deuterium. The results demonstrate the asym- 
metric nature of all three reactions brought about by these decarboxylases: 
introduction of deuterium, as well as carboxylation of the amines and de- 
carboxylation of the amino acids. 


The authors are indebted to Dr. F. H. Westheimer for invaluable dis- 
cussions during the course of this work and for use of the mass spectro- 
meter supplied by the Atomic Energy Commission under contract No. 
AT(11-1)-92, to Dr. B. Vennesland for suggestions and criticism, and to 
Dr. H. S. Anker for assistance with some of the mass spectrometric analy- 
ses. 
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RELATION BETWEEN PHOSPHATE ENERGY DONORS AND 
INCORPORATION OF LABELED AMINO ACIDS INTO 
PROTEINS* 


By PAUL C. ZAMECNIK anp ELIZABETH B. KELLER 


(From the Medical Laboratories of the Collis P. Huntington Memorial Hospital of 
Harvard University, at the Massachusetts General Hospital, Boston, 
Massachusetts) 


(Received for publication, January 27, 1954) 


Incorporation of labeled amino acids into proteins in cell-free systems 
has been reported from several laboratories (1-5) in recent years. The 
small extent of incorporation has, however, made it difficult to explore the 
relationship of this process to energy-yielding mechanisms and to protein 
synthesis in vivo. In this context, the term “incorporation” has come to 
imply a tight bonding of labeled amino acid to protein, with reservation of 
judgment as to whether or not this represents the a-peptide bonding of 
protein synthesis. 

As a result of the finding of Bucher (6) that gentle homogenization of 
rat liver preserves in the cell-free fraction the ability to incorporate C™- 
acetate into cholesterol, we were encouraged to try a similar system for 
our purpose (7), and the present report is an outgrowth of this study. 


EXPERIMENTAL 


pi-alanine-1-C™, glycine-1-C™, pi-valine-1- 
C¥, and pL-a-aminobutyric acid-1-C™ were synthesized by Dr. Robert B. 
Loftfield (8) and were kindly furnished at specific activities ranging from 
0.8 to 10 mc. per mm. 

DPN,! ATP, ADP, and AMP were recent Pabst or Sigma preparations. 
HDP and 3-PGA were obtained from Schwarz, both of them as barium 
salts. Phosphocreatine, sodium salt, was obtained from Sigma, and as- 
sayed as 95 per cent phosphocreatine tetrahydrate, by measuring the differ- 
ence in phosphate in the Fiske-Subbarow (9) method and a modified 
Lowry-Lopez (10) method. Phosphorylenolpyruvic acid, silver-barium 
salt, was kindly furnished by Dr. Henry Sable. For a gift of pi-ethionine 


* Supported by grants-in-aid from the American Cancer Society and the Atomic 
Energy Commission. This is publication No. 820 of the Cancer Commission of 
Harvard University. 

'The following abbreviations have been used: ATP, adenosinetriphosphate; 
ADP, adenosinediphosphate; AMP, adenosine-5’-phosphate; HDP, hexose diphos- 
phate; 3-PGA, 3-phosphoglyceric acid; PPA, phosphorylenolpyruvic acid; PC, phos- 
phocreatine; CSH, cysteine; DPN, diphosphopyridine nucleotide; CoA, coenzyme A. 
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we are indebted to Dr. V. du Vigneaud. Neurospora DPNase was a gift 
of Dr. Nathan O. Kaplan. Crystalline ribonuclease was obtained from 
Worthington. The CoA was generously provided by Dr. F. Lipmann. 

Preparation of Liver Extract—2 month-old Wistar rats were used. 2 to 
4 gm. of liver were minced for 15 to 20 seconds with scissors, in 1 ml. of the 
medium to be used, in a glass vessel surrounded by ice. The mince was 
transferred to a glass homogenizing tube, kept in an ice bath at 0°, and 
homogenized (11) for 15 to 25 seconds with an ice-cold glass pestle, in a 
total of 2.5 times its weight of medium. Much deviation up or down from 
this proportion produced less favorable results. The difference in diame- 
ter of pestle and tube was usually 0.6 mm. and the rate of revolution of the 
pestle 600 r.p.m. 

The resulting partial homogenate was centrifuged immediately at 0° for 
5 minutes at approximately 500 X g (when a mitochondrium-rich system 
was used) or at 5000 X g. The upper portion of the supernatant fluid was 
carefully pipetted off and used immediately for the incorporation experi- 
ments. It was found important to centrifuge the homogenate immediately 
and to keep it at 0° throughout the steps prior to incubation. 3 

In some experiments the 5000 X g supernatant fluid was separated into 
a microsome-rich fraction and a fraction containing the soluble cell pro- 
teins by centrifugation for 30 minutes at 0° and 105,000 X g (R average) 
in a Spinco preparative centrifuge. The upper portion of the 105,000 X g 
supernatant solution was pipetted off for further use. The remainder of 
this supernatant solution was poured off and discarded, and the Lustroid 
tubes were inverted for complete drainage. Two separate 1 ml. aliquots 
of homogenization medium were then pipetted over the pellet in each tube 
and decanted carefully to aid in washing the supernatant solution away 
from the microsome pellet. The microsome pellet was resuspended by ho- 
-mogenizing at 0° for 15 to 30 seconds in one-sixth the original volume of 
medium, with a tight pestle. In order to minimize the possible contamina- 
tion of the microsome-rich fraction, in some experiments two centrifuga- 
tions at 10,000 < g for 10 minutes each were used for removal of mito- 
chondria and larger cell fragments. 

Composition of Homogenization Medium—This was originally based on 
media of Bucher (6) and of Potter (12) and underwent progressive modifi- 
cation. In later experiments the usual constituents were as follows: MgCl: 
0.01 m, potassium phosphate buffer (pH 7.8) 0.02 m, potassium bicarbonate 
0.035 m, potassium chloride 0.025 m, and sucrose 0.35 m. This combina- 
tion has been designated Medium X. The MgCl, is added to the medium 
last to minimize the possibility of precipitation of magnesium phosphates. 
Magnesium ions were essential. The pH optimum had a plateau be- 
tween 7.2 and 7.7, and the pH of the extract obtained with this medium 
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was 7.5. The use of sucrose was of questionable value; it was included 
in the medium in the hope of obtaining a better separation of mitochondria 
and microsomes. 

Nicotinamide (0.003 to 0.01 m) was added to the medium when hexose 
diphosphate served as the energy source. 

Incorporation Experiments—Except where it is noted otherwise, 0.70 
ml. of a liver extract was mixed with pt-leucine-1-C™ (0.25 um, 300,000 
cp.m.) and various additions in a final volume of 1.0 ml. and was incubated 
under 95 per cent N2-5 per cent CO, for 1 hour at 37°. All additions were 
brought to approximately pH 7.4 with KOH before use. The barium and 
silver-barium salts of substrates were converted to the potassium salts 
before being used. 1 equivalent of MgCl. was added to solutions of ATP 
and ADP in order not to deprive the system of Mg to the point of inhibi- 
tion. 

After incubation, the protein was precipitated, washed, and counted 
with a thin window Geiger-Miiller tube (counting efficiency approximately 
10 per cent) and scaler essentially as described previously (4). 

The extent of incorporation varied from one homogenate to another. 
All experiments were repeated at least twice, and each table presents a 
typical run. Replicate flasks containing the same homogenate showed 
reasonably good concordance; in one experiment replicate flasks gave 46, 
47, 47, and 45 c.p.m. per mg. of protein; in another experiment, 72, 78, 
65, 72, and 66 c.p.m. This fluctuation represents the combined biological 
and analytical errors. 


Results 


Effect of Hexose Diphosphate on Incorporation—The first experiments 
were carried out with extracts containing mitochondria. It was found that 
the extent of incorporation of C-leucine into protein was stimulated 10- 
fold or more by the addition of HDP when nicotinamide was present in 
the medium. Furthermore, the incorporation proceeded almost as well 
anaerobically as aerobically. The time curve of this reaction (Fig. 1) 
showed a maximal rate during the first 10 minutes. 

Since it appeared that the incorporation here was dependent on gly- 
colysis, extracts from which mitochondria had been removed by centrifuga- 
tion at 5000  g were tested. This 5000 X g supernatant fraction also 
showed a marked anaerobic incorporation with HDP as substrate. The 


conditions for obtaining incorporation when the energy is furnished by 
glycolysis of HDP are illustrated in Table I. A loose homogenizer, a short 
period of grinding, and nicotinamide in the medium resulted in active in- 
corporation and glycolysis. When nicotinamide was omitted (Flasks 1 and 
4) or the hemolysate was added (Flask 3), there was no glycolysis and 
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very little incorporation. Hemolysis is known to liberate from erythro. 
cytes a powerful DPNase, which destroys the glycolytic system (13, 14), 
When the homogenization was more complete, even though nicotinamide 
was present (Flask 5), the glycolysis and incorporation suffered. This 
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O Te 20 30 
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Fic. 1. Rate of incorporation. Homogenization Medium X. Each flask, cor- 
responding to a point on the curve, contained 0.7 ml. of 15,000 X g supernatant fluid, 
0.2 ml. of 0.09 m K; PGA, 0.05 ml. of 0.02 mM MgK> ATP, and 0.05 ml. of pL-leucine-C* 
in the usual concentration. Incubation at 37°; 95 per cent N2-5 per cent COs. 


TaBLeE I 
Incorporation of Leucine into Protein, and Glycolysis of Hexose Diphosphate 


| Flask 1| Flask 2) Flask 3) Flask 4 | Flask 
Homogenization time, sec..................... | 15 15 15 120 120 
Pestle-tube diameter difference, mm........... | (0.6) «(0.6 0.4, 0.4 
Nicotinamide, 0.01 m, in medium.............. + | + 
per tae. 8 64 0.8 9 21 


The homogenization medium contained MgCl, 0.007 m, K phosphate buffer (pH 
7.4) 0.04 m, KHCO; 0.025 m, HDP 0.01 M, sucrose 0.06 Mm. Nicotinamide was added to 
the medium where noted. Each flask contained a 5000 X g supernatant fluid and 
leucine-C"4 in the usual amounts. Incubation under N2-COz for 30 minutes in War- 
burg flasks, with measurement of glycolysis. The hemolysate was made by diluting 
rat blood with 10 volumes of water, centrifuging, and using the supernatant fluid. 


may be due to a rupture of erythrocytes in the more complete homogeni- 
zation. If the liver was perfused in situ with 0.15 m KCl before homogen- 
ization, the nicotinamide requirement was greatly reduced. In other 


experiments, a purified Neurospora DPNase was found to inhibit the in- 
corporation when HDP was used as substrate. 

Effect of High Energy Phosphate Compounds—It was then found that 
phosphocreatine, phosphorylenol pyruvate, and 3-phosphoglycerate would 
serve as well as HDP in stimulating anaerobic incorporation (Table II). 
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With these substrates, an intact glycolytic system was no longer necessary ; 
it made little difference whether a complete homogenate or an incomplete 
homogenate was used (Table II). Nicotinamide could be omitted from 
the homogenizing medium. 

The fact that high energy phosphate compounds or precursors of such 
empounds stimulated the incorporation suggested that ATP might be 
involved in the energy transfer and activation mechanism. It has, how- 
ever, not been possible to obtain much incorporation in the 500 X g or 


TABLE II 


Effect of High Energy Phosphate Compounds and Precursors on Incorporation of 
Leucine-C'4 into Protein 


C.p.m. per mg. protein 
Experiment No.} Flask No. Additions, uM 
Incomplete Complete 
homogenate* homogenate* 
1 1 24 10 
2 HDP 10, ATP 1 84 15 
3 3-PGA 10, ATP 1 48 66 
4 PC 20, ATP 1 111 82 
2 1 14 
2 ATP 1 9 
3 PC 20 121 
4 ‘« 20, ATP 1 131 
5 PPA 10 107 
6 “ 10, ATP 1 120 


The homogenization medium contained MgCl: 0.01 m, K phosphate buffer (pH 
74) 0.02 m, KHCO, 0.035 m, KCl 0.025 m, sucrose 0.35 mM. Leucine-C™ and a 5000 
X gsupernatant fluid were added in the usual amounts to all flasks. 

* As a rough estimate, 50 per cent of the cells are broken. In the complete ho- 
mogenate (tight grinder, 2 minutes homogenization), the preponderance of cells 
is broken. 


000 X g supernatant fluids by the addition of ATP alone (Table II). 
Furthermore, when the incorporation in these extracts is activated by the 
above substrates, the addition of ATP has little or no effect (Table II). 
This is probably because there is enough of the adenylic acid system in the 
liver extracts. 

To determine whether ATP is an intermediate in the energy transfer 
fom phosphocreatine or phosphorylenolpyruvate, it was found necessary 
to remove at least the greater part of the adenylic compounds from the 
liver extracts. 5000 X g supernatant fluids were treated with Norit (ac- 
tivated charcoal) as described in Table III. This treatment removes 
almost all of the acid-soluble material with an absorption maximum at 260 
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my. This was determined by making extracts with cold 0.3 n HCI, 
and determining the ultraviolet absorption curve in the region of 220 to 
360 mu. 

In the 5000 X g supernatant fluids treated in this way with Norit ther 
was only minimal incorporation when phosphocreatine was added alone 
(Table IIT), but a definite stimulation of incorporation when 9 um of ATP 
were also added. 1 um of ATP was not so effective. The conditions for 


TABLE III 
Réle of ATP in Incorporation Process in Norit-Treated System 


5,000 X g supernatants 
Additions, um 
Untreated Norit-treated 
c.p.m. per mg. protein c.p.m. per mg. protein 

8 5 

ATP 1 6 5 
“9 13 6 
PC 20 62 3 
«* 20, CSH 2 67 7 
‘* 20, ATP 9 61 30 
“9, 70 12 
“90, “ 1,CSH2 61 22 
“20, “* 1, “ 2, CoA* 50 26 


Homogenization Medium X. Part of the 5000 X g supernatant fluid was treated 
with 30 mg. of acid-washed Norit per ml., the Norit removed by centrifugation, and 
the supernatant fluid treated a second time in the same way. To remove all of the 
Norit, it was then necessary to centrifuge four times for 2 minutes each, twice at 
3000 X g and twice at 5000 X g. The extract was kept near 0° throughout. The part 
of the 5000 X g supernatant fluid which was not treated by Norit was centrifuged at 
the same time as the Norit-treated part, and the small pellets were discarded. Each 
. flask contained 0.7 ml. of liver extract and leucine-C in the usual amount, in a 
final volume of 1.0 ml. 

* 24 Lipmann units, 355 units per mg. of CoA. 


restoring full activity after a Norit treatment have not been established. 
There is some loss of protein with the Norit. That the Norit may havea 
detrimental oxidizing action on these extracts is suggested by the fact that 
cysteine improved the incorporation in the Norit-treated extract, although 
it had no effect on the untreated extract. There is no indication from 
these experiments that CoA is involved in the incorporation of amino acid 
into protein. 

Similar results were obtained in an experiment with phosphorylenol- 
pyruvate as substrate. Other experiments will be discussed later in which 
an ATP dependence was found as a result of using extracts from which the 
adenylic compounds had been largely removed by dialysis. 
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High Incorporation into Microsome Protein—In some experiments, after 
the 5000 X g supernatant fluid had been incubated with leucine-C™ and 
HDP to obtain incorporation, the incubation mixture was separated by 
centrifugation into a 105,000 X g supernatant fraction and a microsome- 
rich pellet. The protein of this microsome-rich pellet was found to have 
a specific activity as much as 18 times as high as that of the protein in the 
105,000 X g supernatant fluid. For example, in one experiment, the total 
protein at the end of the incubation had 39 c.p.m. per mg., the 105,000 X 
g supernatant protein, which made up 72 per cent of the total protein, 


HOMOGENATE 
SUPERNATANT PPT (CELLS, ETC.) 
73 CPM. 2 CPM. 
§,000xg 
SUPERNATANT PPT (MITOCHONDRIA) 
80 0 
105 ,O0Oxg 
SUPERNATANT PPT (MICROSOMES) 
4 
RECOMBINATION 
58 


Fig. 2. Fractionation before incubation. The homogenization medium was as 
follows: MgCle 0.004 M, nicotinamide 0.01 mM, K phosphate buffer (pH 7.4) 0.04 m, 
HDP 0.01 m, sucrose 0.25 Mm. All fractions were prepared from the same homogeniza- 
tion and were incubated simultaneously for 30 minutes at 37° in 95 per cent N2-5 per 
cent COz. In other recombinations, the 105,000 K g supernatant solution plus the 
mitochondrial rich fraction gave 21 c.p.m., and the microsome-rich fraction plus the 
mitochondrial rich fraction gave 1 c¢.p.m. All figures are in counts per minute per 
mg. of protein. 


had 6.6 c.p.m. per mg., and the protein of the microsome-rich fraction, 
which was 28 per cent of the total, had 122 c.p.m. per mg. 

A high rate of incorporation of a labeled amino acid into the protein of 
the microsome fraction of liver was first obtained in experiments on whole 
animals (15-17), and it is interesting that in this and in other homogenates 
(4) the microsome fraction also has a high rate of incorporation. 

Fractions Required for Anaerobic Incorporation—When the 5000 X g 
supernatant fluid was separated by centrifugation into a microsome-rich 
fraction and a soluble protein fraction and these fractions were incubated 
with leucine-C", it was found that both fractions were necessary for optimal 
incorporation. Fig. 2 presents the results of a complete fractionation ex- 
periment in which the separated or recombined fractions were incubated 
with leucine-C* and HDP. It shows that no single cell fraction can carry 
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out the incorporation with HDP as substrate and that recombination of 
the microsome and soluble protein fractions restores most of the activity, 
It should be noticed also that in the 700 X g sediment, which contains g 
large number of unbroken cells, there is very little incorporation. This 
makes it very unlikely that incorporation in any of the supernatant frag. 
tions can be due to any whole cells that might get into these fractions. 

When either phosphocreatine plus ATP or phosphorylenolpyruvate plus 
ATP was used as the source of high energy phosphate, it was still necessary 
to combine the microsome and soluble protein fractions for maximal incor. 
poration, although some incorporation occurred with the microsome pro. 
tein fraction alone (Table IV).? 


TABLE 1V 
Separation of Microsome-Rich and Soluble Protein Components of Incorporation 
System 
Flask No. Extracts Additions, um he “3 
1 Microsomal, 0.4 ml. 2 
2 3 0.4 “ PC 20, ATP 1 ) 
3 4 0.4 “ PPA 10, ATP 1 25 
4 65 + 105,000 X g 4 
supernatant, 0.3 ml. 
5 Same as (4) PC 20, ATP 1 102 
6 7 =e PPA 10, ATP 1 134 


Homogenization Medium X. Microsomal pellet resuspended in Medium X. 
Each flask contained the usual amount of leucine-C"™ in a final volume of 1.0 ml. 


If either the microsome-rich or the soluble fraction is first heated for 5 
minutes at 55°, the ability of the recombined fractions to incorporate 
- leucine into protein is lost. The soluble fraction is relatively stable; it re- 
tains its activity after freezing and can be kept this way for a period of 
months. It can also be dialyzed for 24 hours at 0° if cysteine (0.01 M) is 
present in the dialyzing medium. The microsome fraction on the other 
hand loses its activity after a period of hours, even when kept at 0°, and 
loses a variable amount of its activity even on quick freezing. 

. Use of Dialyzed 105,000 X g Supernatant Fraction—The combination of 
a dialyzed 105,000 X g supernatant fraction with freshly prepared micro- 
somes has been found to be fully active only when ATP and phosphocrea- 
tine are added together (Table V). This has proved to be a more favor- 


2 An ATP-creatine transphosphorylase kindly furnished by Dr. Henry Lardy was 
unable to replace this soluble protein fraction, but enhanced the incorporation rate 
somewhat when added to the complete system (18). 
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able system than the Norit-treated extract for demonstrating that ATP is 
an intermediate in energy transfer in the incorporation system. 

The combination of ADP and phosphocreatine is partially active (Table 
Vy). The indication that ADP is inhibitory at high concentrations, 5 um 
per ml. or more, is of great interest and is being investigated. The com- 
bination of AMP and phosphocreatine had only very slight activity (Table 
V). Likewise, uridine triphosphate was unable to replace ATP. 


TABLE V 
ATP Requirement for Phosphocreatine Action in Partially Dialyzed System 


105,000 X g supernatants 
Experiment No. Additions, um 
Fresh Dialyzed 
ers c.p.m. per mg. protein | c.p.m. per mg. protein 

1 13 7 
ATP 1 9 13 

PC 20 64 2 

« 20, ATP 1 131 116 

2 0 

PC 20 1 

“© 20, AMP 5 12 

“20, ADP 5 29 

“ 20, ATP 5 85 


Homogenization Medium X. Each flask contained 0.3 ml. of microsome-rich frac- 
tion suspended in Medium X, 0.4 ml. of 105,000 X g supernatant fluid, leucine-C™ 
in the usual amount, in a final volume of 1.0 ml. In Experiment 1, 3 um of MgCl, 
were added to each flask. The 105,000 X g supernatant fluid had been dialyzed for 
2 hours at 0° against two 500 ml. volumes of Medium X containing 0.01 m cys- 
teine. 


By using the dialyzed 105,000 X g supernatant fraction, the system has 
been freed of the bulk of the amino acids, nucleotides, and other low molecu- 
lar weight cell constituents. In attempts to free the system even further 
of the small amount of such materials present in the microsomal pellet, the 
latter has been washed in some experiments, but this has resulted in nearly 
complete loss of the incorporating activity. Further experiments along 
these lines will be necessary to determine whether there is a cofactor re- 
quirement for incorporation and whether the incorporation of one amino 
acid into protein requires the presence of other amino acids. 

Inhibition of Incorporation—When either HDP or 3-phosphoglycerate 
is added as the substrate, the incorporation is inhibited strongly, although 
not completely, by arsenate at 0.008 m. When phosphocreatine is the 
activating substrate, however, there is no inhibition by this concentra- 
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tion of arsenate; hence it would appear that arsenate does not directly 
affect the incorporation reactions. 

Dinitrophenol in high concentration inhibits the incorporation whe, 
phosphocreatine is the substrate. There was a 33 per cent inhibition a 
1 X 10-* M, 7 per cent at 5 K 10-‘M, and none at 1 X 107‘ m final concep. 
tration of sodium 2,4-dinitrophenoxide. Thus, this anaerobic system is rel. 
tively insensitive to dinitrophenol, in contrast to others deriving energy 
for incorporation from oxidative phosphorylation (4, 19). 

Iodoacetate inhibits the incorporation when phosphocreatine is the sub- 
strate. There was a 94 per cent inhibition at 5 X 10-* m, 54 per cent at 
5 X 10-4 and 7 percent at 5 X 10-5 m potassium iodoacetate.  Thisis 
the same concentration range as that which inhibits triosephosphate de. 
hydrogenase, and thus suggests that sulfhydryl may be essential in some 
way for the incorporation of amino acids into protein. 

Because of the toxicity of ethionine, the analogue of methionine, and 
the finding of Simpson et al. (20) that ethionine inhibited the incorporation 
of glycine in vivo as well as of methionine, it was thought important to test 
it on this system in vitro. There was, however, no inhibition of the incor. 
poration of leucine into protein by pL-ethionine at concentrations up to 
0.005 M. 

An interesting finding was that ribonuclease inhibits the incorporation. 
With phosphocreatine as the substrate, 0.05 mg. per ml. of crystalline 
ribonuclease reduced the incorporation of leucine-C"™ into protein from 136 
to 1 ¢.p.m. per mg. of protein. Gale and Folkes, studying the incorpora- 
tion of glutamic acid-C™ into protein in fragmented staphylococcal cells, 
have reported an inhibition of incorporation by ribonuclease (21).’ 

Addition of sodium desoxycholate, 2 mg. per ml., to an active system 
with HDP as substrate reduced the activity of the protein from 108 to 6 
c.p.m. per mg. Desoxycholate has been used by Strittmatter and Ball 
(22) to render the cytochrome b, soluble in microsome fractions. 

Effect of Amino Acid Concentration—On addition of increasing amounts 
of leucine-C" to the incubation mixture, a concentration is reached at 
which there is no further increase in the incorporation (Table VI). This 
concentration, referred to as the saturation level of leucine, is approximately 
0.16 um of pi-leucine per ml. Alanine reaches a saturation level at a much 
higher concentration, about 2.5 um of pi-alanine-1-C™ per ml. This high 
saturation level for alanine may be partly due to dilution of the added 
alanine-C™ by alanine present in the liver extract. It may be, however, 
that different saturation levels reflect different affinities of the amino acids 
for the enzyme or enzymes involved in the incorporation. 

In one experiment, pi-valine-C", 0.25 um per ml., was compared in al 


3 Allfrey et al. (34) have also recently reported a similar effect. 


& 


4( 
vi 
n¢ 
to 
Ef 
of 
eX] 
to 
be 


directly 


when 
ition at 
concen- 
Is rela. 
energy 


the sub- 
cent at 

This is 
rate de. 
in some 


ne, and 
oration 
t to test 
incor- 
S up to 


oration. 
stalline 
‘om 136 
Orpora- 
al cells, 


system 
08 to 6 
nd Ball 


mounts 
shed at 
. This 
imately 
a much 
ris high 
added 
owever, 
10 acids 


d in an 


P. C. ZAMECNIK AND E. B. KELLER 347 
active system with pt-leucine-C™ at the same concentration and same 
specific activity. The activity of the protein was 58 c.p.m. per mg. from 
valine and 73 c.p.m. per mg. from leucine. 

Simultaneous Incorporation of Several Amino Acids—When one other 
non-radioactive amino acid or a mixture of all the amino acids is added 
to the leucine-C, there is little or no effect on the incorporation of the leu- 
cine into protein (Table VII). In Experiment 1, Flask 7, in which a mix- 
ture of all the L-amino acids was added, the reduction in activity in the 
protein was proportional to the reduction in specific activity of. the L- 


TaBLeE VI 
Effect of Increasing Concentrations of Leucine on Incorporation of Leucine into Protein 
Concentration of pt-leucine-1-C™ Labeling of protein leucine* 

ele uM per ml. per cent per hr 

0.04 0.004 

0.08 0.006 

0.16 0.010 

0.33 0.012 

2.4 0.011 

4.0 0.009 

7.3 0.010 

14.0 0.011f 


Homogenization medium, see Table I, Flask 2. A 5000 X g supernatant fluid was 
used with HDP as substrate. 

*Per cent labeling = (c.p.m. per mg. of protein leucine X 100)/(ce.p.m. per mg. 
of added leucine). This calculation is based on a 30 minute incubation. In other 
experiments, a calculation based on the first 5 minutes of incubation and restricted 
to incorporation into microsomal protein alone gives a figure of 0.2 per cent la- 
beling per hour. 

t This is equivalent to 0.09 um of leucine incorporated per gm. of protein per hour. 


leucine-C“%. The conclusion may be drawn that the amino acids do not 
compete with each other for a limited number of activation sites. 

To determine whether the different amino acids are being incorporated 
smultaneously, combinations of two or three radioactive amino acids were 
added (Table VII). There was an additive effect in the amount of label- 
ing of the protein, even though the radioactive amino acids were present 
each at a concentration above its saturation level. In one case the addi- 


tive activity was greater than the sum of the separate activities (Experi- 
ment 2, Flask 7), but in the other cases it was somewhat lower. 

Specificity for Natural t-Amino Acids—To determine the specificity of the 
incorporation, the unnatural amino acid, pL-a-aminobutyric acid-1-C™ 
(23) was tested in several experiments. With a-aminobutyric acid having 


4 
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83 per cent of the specific activity of the leucine-C™, the incorporation in 
one experiment was 5 c.p.m. per mg., compared to 56 c.p.m. per mg. in 
the case of leucine. Furthermore, it was found that if the 5000 X g super. 


TaBLe VII 
Simultaneous Incorporation of Several Amino Acids 
Experiment No.| Flask No. Amino acid added, um - 
1 1 Leucine-C" 0.18 48, 52 
2 7 0.37 47 
3 Alanine-C'4 2.5. 37 
4 5.0 38 
5 Leucine-C" 0.18, alanine-C' 2.5 69 
6 2 0.37, mg 2.5 66, 68 
7 7 0.18, L-amino acids* 1.25 19 
2 1 Leucine-C"*4 0.18 46, 48 
2 Alanine-C" 2.5 33 
3 Glycine-C"' 0.25 22 
4 Leucine-C"'4 0.18, alanine-C 2.1 55 
5 a: 0.18, alanine-C 2.5 75, 76 
6 ad 0.18, glycine-C!? 0.25 50 
7 0.18, glycine-C'* 0.25 80 
8 sen 0.18, - 0.25, ala- 83, 93 
nine-C!4 2.5 
9 Alanine-C!* 2.5, leucine-C'? 0.29 33 


Homogenization Medium X. Each flask contained 0.7 ml. of a 5000 X g super- 
natant fluid plus 10 um of HDP and 1 uo of ATP in a final volume of 1.0 ml. All the 
amino acids added, radioactive and inert, were pL, except for the L-amino acid mix- 
ture. The specific activities of the radioactive amino acids were as follows, ex- 
pressed as counts per minute per micromole: pL-leucine-1-C! 1.34 & 106, pL-alanine- 
1-C'4 9.0 X 105, glycine-1-C'™ 4.6 K 105. In other words the alanine contained 67 
per cent and the glycine 34 per cent of the specific activity of the leucine. 

* This was a fortified neutralized hydrolysate of B-lactoglobulin. It was fortified 
with 4 mg. of pL-tryptophan per 100 mg. of protein, after hydrolysis with 6 x HCl 
for 18 hours in the autoclave. The amount of hydrolysate added to Flask 7 contains 
0.16 um of L-leucine, and, since there is 0.09 um of L-leucine-C"™, the specific activity 
of the L-leucine-C" is reduced to 36 per cent of its undiluted value. The reduction 
of specific activity in the protein is of similar magnitude. 


natant fluid was preheated for 5 minutes at 55° before incubation with the 
radioactive amino acid the activity of the protein was not reduced in the 
case of aminobutyric acid (6 ¢.p.m. per mg. untreated, 5 c.p.m. per mg. 
preheated), whereas preheating reduced the c.p.m. per mg. of protein from 
45 to 0.8 in the case of leucine-C“. This preheating eliminated the glycoly- 
sis in the extract. Thus there is energy-dependent incorporation of gly- 
cine, alanine, valine, and leucine by this system, and yet there is none ip 
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the case of the unnatural amino acid a-aminobutyric acid which is so 
closely related to these natural amino acids. 

Since the labeled amino acids used in this study are pL, an experiment 
was carried out to determine whether any of the p-amino acid was being 
incorporated. The addition of 0.5 um of inert p-leucine to 0.25 um of 
pi-leucine-C'* lowered the incorporation in an active system only slightly, 
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Fic. 3. Rate of hydrolysis of liver microsome protein. Incorporation conditions, 
3000 X g supernatant solution, leucine-1-C'4, and HDP. The microsome fraction was 
isolated after the incubation, and the protein washed, combined ‘with some inert 
washed microsome protein, and dissolved in 0.1 N NaOH at 0°. HCl was added to 
aliquots of this solution to give a final concentration of 2 N, and the protein was hy- 
drolyzed for varying lengths of time in sealed tubes in a water bath at 100°. For the 
zero time point no HC] was added. The hydrolysates were analyzed for free amino 
acids by the ninhydrin-CO2 method (25), and the BaCO; precipitates formed in this 
procedure were assayed for C'* to determine the amount of free carboxyl-labeled 
amino acid. 


20 22 24 


from 88 to 75 c.p.m. per mg. These data point to incorporation only of 
the L-leucine-C™ into the protein. 

Degradation Studies on Labeled Proteins—After complete acid hydrolysis 
of labeled microsome protein prepared in an experiment with leucine-C", 
the amino acids were separated by starch column chromatography (24). 
It was found that 95 + 5 per cent of the radioactivity of the protein could 
be recovered in the leucine peak. 

If this labeled leucine has been built into peptide chains under the con- 
ditions of our experiments, it should be released from the labeled protein 
on progressive acid hydrolysis, at approximately the same rate as is the 
rest of the leucine of the protein. Microsome protein labeled with leu- 
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cine-C was hydrolyzed for varying lengths of time with 2 n HCl at 100° 
and the partial hydrolysates were analyzed by the ninhydrin-CO, method 
(25) for free amino acids and free leucine-C“. The leucine-C™ wag rp. 
leased from the protein at a rate a little slower than the rate of release of 
the average amino acid (Fig. 3). This experiment is one of two giving 
similar results. 

According to Bull (26), the intrinsic rate of release of leucine from egg 
albumin during acid hydrolysis is 0.8 times that of the average amino acid. 
Viewed in this light, the results shown in Fig. 3 suggest that labeled leucine 
is being released at roughly the same rate as the remainder of the leucine 


TaBLeE VIII 
Progressive Acid Hydrolysis of Labeled Microsome Protein 
Hydrolysis Inert leucine released C.p.m. per uM leucine 

hrs. c. per cent 

2.5 100 16 147 

6 100 33 176 
11 100 58 166 
17 120 100 155 


The incorporation conditions were as follows: 5000 & g supernatant fluid, leucine- 
C4, HDP, 95 per cent N2-5 per cent CO2. The microsome fraction was isolated after 
incubation, mixed with inert microsomes, and the protein washed. Portions of this 
microsome protein (84 c.p.m. per mg.) were hydrolyzed in sealed tubes with 200 
volumes of 2 N HCl. Quantities of protein were used such that there would be 
approximately 5 mg. of protein hydrolysate in each tube. Each hydrolysate was 
chromatographed on a1 X 30 cm. starch column, with 85 per cent n-butanol-15 per 
cent water as the solvent (24). Aliquots of the fractions were analyzed for amino 
acids by the colorimetric ninhydrin method and for radioactivity by counting on 
planchets. 


of the protein. To analyze this point more precisely, portions of labeled 
microsome protein were hydrolyzed with 2 N HCl at 100° for different 
lengths of time, the partial hydrolysates were placed on starch columns, 
and the specific activity of the free leucine determined (Table VIII). The 
specific activity of the free leucine remained relatively constant over the 
range from 17 to 100 per cent hydrolysis. It can be said, therefore, that 
the leucine-C™ incorporated into the protein in this experiment is as stable 
to acid hydrolysis as is the remainder of the leucine of the protein. 
These chromatograms from partial protein hydrolysates show peaks con- 
taining leucine-C™ and ninhydrin-reacting material which occur where no 
amino acids emerge and which disappear on complete hydrolysis.‘ These 
peaks are being further investigated to determine whether they represent 


4 Stephenson, M. L., unpublished data. 
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«peptides into which amino acids have been incorporated in this system. 
In an experiment in which both leucine-C™ and valine-C™“ were used, one 
peptide peak has been purified by rechromatographing it on starch. After 
further acid hydrolysis and ion exchange chromatography, this peptide or 
mixture of closely related small peptides has been found to contain radio- 
active leucine and radioactive valine.’ This would appear to provide evi- 
dence for a-peptide bond synthesis. 


DISCUSSION 


It had been previously demonstrated by Greenberg and coworkers (27, 
98), Winnick (29), and Siekevitz (4) that the adenylic acid system stimu- 
lated incorporation of amino acids into proteins in cell-free liver extracts. 
Adenylic acid and ATP were equally effective. The extracts contained 
mitochondria, and the conditions for obtaining incorporation were also the 
conditions for obtaining oxidative phosphorylation. Incubation under 
oxygen and the addition of a Krebs cycle substrate were essential for full 
activity. 

The experiments reported here show that just as active or more active 
incorporation can be obtained anaerobically in an extract simplified by the 
removal of mitochondria. This system is activated by the addition of ATP 
and of substrates such as phosphocreatine for the continuous regeneration 
of this ATP. The mechanism of peptide bond formation by way of phos- 
phorylated intermediates is thus in line with views expressed by Lipmann 
(30). The present amino acid incorporation system, as analyzed thus far, 
appears to consist of four major components: (1) an ATP generating sys- 
tem; (2) the amino acid (or acids); (3) a microsome-rich fraction into the 
proteins of which the amino acids are bound by a linkage as stable as the 
peptide linkages of the protein; (4) a soluble, heat-labile, non-dialyzable 
fraction which facilitates the incorporation of amino acids into the micro- 
some protein. 

The evidence accumulated thus far on the nature of the amino acid in- 
corporation linkage in this anaerobic, cell-free system may be summarized 
as follows: It would appear that only L-amino acids naturally occurring in 
proteins are incorporated. The incorporated amino acid is not removed 
from the protein by fat solvents or by hot trichloroacetic acid (which par- 
tially hydrolyzes and extracts nucleic acids). In the case of leucine, the 
radioactive leucine is released on acid hydrolysis at the same rate as the 
non-radioactive leucine component of the protein. Tentative isolation of 
— peptides from partially hydrolyzed labeled protein has been 


‘Keller, E. B., Loftfield, R. B., Harris, A. G., Stephenson, M. L., and Zamecnik, 
P.C., unpublished data. 
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To determine whether protein synthesis occurs in this system would 
require the isolation of a well characterized radioactive protein. Exper 
ments along these lines, with ferritin, are under way (31). 

In this incorporation system, the purification which has been achieved 
facilitates the investigation of several aspects of the problem of protein 
synthesis. One problem is whether the amino acids are activated by the 
ATP in a manner analogous to the activation of acetate and other fatty 
acids, or whether, instead of activation of the amino acid, the terminal 
carboxyl] of a long peptide chain is activated in a manner analogous to the 
activation of y-glutamylcysteine in glutathione synthesis (32, 33). Re 
lated to this would be the problem of whether there is a coenzyme involved, 
as in acetate activation, or whether there is no dissociable coenzyme, as in 
the activation of y-glutamylcysteine. The experiments reported here on 
Norit-treated extracts and partially dialyzed systems provide no evidence 
for a coenzyme requirement for the incorporation. 

Thus far, no requirement has been found in our experiments for the ad- 
dition of a full complement of amino acids. They may, however, be present 
in the microsome complex, in free or bound form, in sufficient amount so 
that further additions of amino acids do not increase the incorporation. 
These results differ from those of Peterson and Greenberg (27), who ob- 
tained a stimulation of incorporation by addition of a mixture of amino 
acids. 

Another interesting problem is that of the relationship of the ribose 
nucleic acid of the microsome fraction to the incorporation of the amino 
acids into the microsome protein. In our experiments and in those of Gale 
and Folkes (21), ribonuclease destroys the incorporating ability. This is 
suggestive, but by no means conclusive, evidence of a relationship. 


SUMMARY 


The incorporation of several C-labeled amino acids into protein has 
been found to take place under anaerobic conditions in a cell-free system 
prepared from a homogenate of rat liver. This system consists of a micro- 
some-rich fraction, a soluble non-dialyzable fraction, the labeled amino acid, 
and an ATP generating system. The latter is supplied by ATP plus either 
phosphocreatine, phosphorylenolpyruvate, 3-phosphoglycerate, or hexose- 
diphosphate. The microsome-rich fraction is labile, whereas the soluble 
heat-labile, non-dialyzable factor is stable to freezing. The incorporation 
occurs mainly into the protein of the microsome-rich fraction. 

On addition of increasing concentrations of an amino acid, a saturation 
level is reached at which there is no further increase in the incorporation. 
There is no competition between the various amino acids. Simultaneous 
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addition of two or three labeled amino acids, each one at or above its satura- 
tion level, gives an additive labeling of the protein. 

The incorporation system with phosphocreatine as energy donor is sensi- 
tive to iodoacetate. It is also inhibited by ribonuclease and by desoxy- 
cholate. 

On progressive acid hydrolysis of the labeled microsome protein pro- 
duced in this system, the radioactive leucine is released from the pro- 
tein at approximately the same rate as is the non-radioactive leucine. 
Following partial acid hydrolysis, a radioactive peptide has been isolated. 


The authors wish to express their thanks to Dr. Joseph C. Aub and Dr. 
Robert B. Loftfield for advice and encouragement in this work, and to 
Mrs. Meredith Hannon and Miss Mary L. Stephenson for valuable tech- 
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LIVER CATALASE 
I. A MANOMETRIC DETERMINATION OF CATALASE ACTIVITY 


By ROBERT E. GREENFIELD anp VINCENT E. PRICE 


(From the Laboratory of Biochemistry, National Cancer Institute, National Institutes 
of Health, Bethesda, Maryland) 


(Received for publication, January 28, 1954) 


The kinetics of the decomposition of hydrogen peroxide by catalase are 
best described by a first order equation (1-3), but as pointed out by Beers 
and Sizer (4) no first order data have been presented from a manometric 
method of catalase assay. The main problems in the manometric measure- 
ment of this rapid reaction have been to prevent the diffusion rate across 
the liquid-gas interface from becoming the rate-limiting step (5, 6) and to 
measure the reaction rate at sufficiently short time intervals to minimize 
the destruction of catalase by the hydrogen peroxide (7, 8). To overcome 
these difficulties a manometric procedure has been developed which differs 
from previously reported methods in having a more rapid stirring rate, a 
continuous recording of the pressure change, and a modification by which 
the manometrically measured oxygen can be compared with the substrate 
remaining, measured titrimetrically, after very short reaction times. 

With the apparatus described below, it has been possible to show that the 
rate of evolution of oxygen from hydrogen peroxide during the catalase 
reaction can be described in terms of first order reaction kinetics over the 
range of substrate concentration convenient to this procedure, that the rate 
of the reaction is proportional to the enzyme concentration, and that the 
reaction constants obtained by the manometric procedure agree with those 
obtained by titration of the substrate at various intervals during the re- 
action. 


EXPERIMENTAL 
Materials and Methods 


Assay Procedure—A glass reaction vessel was constructed as shown in 
Fig. 1. It consisted of a 100 ml. standard taper round bottomed flask into 
which was fitted an adapter from which an arm extended to a pressure 
transducer! and in the top of which was a ground joint suitably tapered to 
fit the tip of a tuberculin syringe. To carry out the reaction 50 ml. of 
buffered substrate solution are placed in the round bottomed flask and the 


' Pressure transducer, P. 23A, 0 to 7.5 cm. of Hg, 12 volts maximum, Statham Lab- 
oratories, Los Angeles. 
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mixture is stirred with a magnetic stirrer at approximately 1800 r.p.m! | manot 
to equilibrate the solution with the surrounding warm bath at 29° + 1° ff on the 
1 ml. of suitably diluted enzyme is drawn into a tuberculin syringe, and | to2 2 
the tip and plunger are lubricated. The reaction is started by rapidly J 4 met 
injecting the syringe contents into the vigorously stirring substrate sol. | ofa} 
tion. The small pressure increment created by the injection indicates the } pressu 
time of injection. The evolution of oxygen during the reaction creates q | culate 
progressive increase in the pressure of the closed system which is accurately | (2) A 
measured by the pressure transducer. The amplified signal* from the ] by tit! 


Fic. 1. A, 100 ml. reaction flask containing 50 ml. of substrate. B, tuberculin tions 
syringe used to inject properly diluted enzyme into reaction flask A. C, pressure 40 1 
transducer which is activated by the pressure of O2 evolved into the gas phase. D, 
cable connecting the pressure transducer through an amplifier to a magnetic pen perbo 
recorder. £, rubber tubing connecting a mercury manometer to the gas phase of the storec 
system. F, 3-way stop-cock allowing manometer at EF to be opened to the system | was D 
for the calibration of the recording apparatus. During an enzyme assay, this stop- per cé 
cock is closed. G, water bath kept at a constant temperature by means of an im- En: 

mersion heater. 


pressure transducer is recorded on a strip of paper moving at the rate of 
5 em. per second by a direct inking oscillograph.‘ From this record of 
the pressure change in the reaction flask and the calibrated volume of the | ™ 
gas phase of the system, the ml. of oxygen evolved at any time can be highh 
calculated. 

Calibration—For routine calibration of the apparatus (Fig. 1), the stop- 5 per 
cock (F) is opened to a mercury manometer and air is introduced until the 


2 Mag-Mix, Precision Scientific Company, Chicago, Illinois. The speed of this oxyge 
stirrer was kindly determined by Mr. Frank Noble of the National Heart Institute into ¢ 
by means of a search coil and a cathode ray oscillograph. 

3 Universal strain analyzer, BL320, Brush Electronics Company, Cleveland, Ohio. phase 

4 Single channel oscillograph BL201, Brush Electronics Company. cent 
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manometer reads 60 mm. of Hg. The recorder is then set to read 30 mm. 
on the recording paper in order that each mm. on the paper be equivalent 
02mm. of pressure. This calibration was checked by two methods: (1) 
4 measured amount of air was injected into the reaction vessel by means 
ofasyringe and then compared with the ml. of oxygen calculated from the 

increment. ‘The value of the injected air agreed with the cal- 
ulated volume within +1 per cent when from 4 to 9 ml. were injected. 
2) A hydrogen peroxide solution with a molarity accurately determined 
by titration was decomposed with an excess of catalase. The completeness 
af the decomposition was checked by titration of the substrate following 
the reaction. The calculated ml. of O2 available agreed within 1.5 per cent 
of that found manometrically. 

Preparation of Substrates—The hydrogen peroxide solutions were pre- 
pared by adding suitable aliquots of Merck Superoxol to 200 ml. of 0.1 m 
phosphate buffer at pH 6.8 in a 1 liter volumetric flask and bringing to the 
fnal volume with distilled water and to a final pH of 6.80 + 0.05. The 
perboric acid solutions were prepared by dissolving reagent grade sodium 
perborate in 200 ml. of 0.1 m phosphate buffer, pH 6.8, and adding an 
equivalent amount of 2N HCl. The solution was brought to a volume of 1 
liter and a final pH of 6.80 + 0.05. When high precision was desired, the 
slutions were titrated daily. For other purposes, the concentration was 
determined spectrophotometrically (2). The molarity of a number of solu- 
tions was determined by titration and the optical density was measured at 
40 mu. The molar extinction coefficient of both hydrogen peroxide and 
perboric acid as prepared above was 39.50 + 0.07. The solutions were 
stored in polyethylene bottles at +5°. The stability of 0.1 m solutions 
was measured after 30 days. Hydrogen peroxide decomposed 6.9 or 0.23 
percent per day. Perboric acid decomposed 3.0 or 0.10 per cent per day. 

Enzyme Preparations—All the experiments in this paper were carried 
out with highly purified rat liver catalase, prepared as described in Paper 
II (9). Although all preparations used were twice crystallized, the ratio 
of the activity of 1 ml. of solution to the absorption of the solution at 276 
my was found to be a better criterion of purity than crystallinity. These 
highly purified crystalline preparations rapidly declined in activity when 
frozen or stored at +5°, whereas crystalline preparations with as little as 
per cent impurities were much more stable. This accounts for the varia- 
tion of k, (the specific reaction constant) among the different experiments. 

Calculation of Reaction Rates—Plotting log a — x’, where a is the ml. of 
oxygen available in the initial substrate and 2’ is the ml. of oxygen evolved 
into the gas phase at time 7’, against time shows that, after an initial lag 
phase, a straight line relationship is obtained through as much as 80 per 
cent decomposition of the substrate (Fig. 2). ko, the first order velocity 
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constant in terms of log., can readily be calculated, as the slope of this lin 
is equal to —k,)/2.3 (with the dimensions of sec.~). 


Comparison of Manometric and Titrimetric Assays 
The manometric and titrimetric methods were directly compared by 


stopping the enzymatic reaction by the rapid injection of 6 ml. of 187, 
720 60+ 
9 A 
< > 
< > 20: Ta 
° 60 re) 
S > 155 
Sr < 
m 
10 20 30 40 50 10 20 30 
SECONDS SECONDS 
Fie. 2 Fig. 3 


Fig. 2. Plot of evolution of oxygen into gas phase showing first order slope after 
initial lag period. O, catalase activity of an insoluble residue from mitochondria 
measured in 0.02 m H2O:z at 29°; @, catalase activity of crystalline rat liver catalase 
preparation measured in 0.02 m perboric acid at 29°. 

Fig. 3. A, record of the pressure change in the reaction flask created by the addi- 
tion of crystalline rat liver catalase. At point 74, 1 ml. of enzyme was injected. 
At point 7'., 6 ml. of 18.7 Nn H2SQO, were injected to stop the reaction. The reaction 
mixture was then titrated with KMnQ,, giving the titration point c of B. B, graph 
of curve in A; the log of the difference between the ml. of evolved oxygen and the nl. 
of oxygen initially available in the substrate is plotted against time. Point 6 is the 
' titration value of an identical run stopped at 6.3 seconds. Line y is constructed 
parallel to the straight line portion of the experimental curve, line z, passing through 
point a, the log of the initial ml. of O2 available. 


H.SQ, through a 3-way stop-cock introduced between the tuberculin syringe 
and the adapter of the reaction vessel.. The substrate remaining was then 
determined by titration with KMnQ,. Duplicate manometric determina- 
tions were stopped at various time intervals to give a slope of the titrimetric 
determinations which could be compared to that obtained from the mano- 
metric data (Fig. 3). When the manometric data were plotted as log 
a — 2x’ against time, the slope of the straight line portion of the curve was 
the same, within experimental error, as the slope of the line obtained by 
plotting the log of the substrate remaining (log a — x), as determined by 
titration, against time. 
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The initial lag in the evolution of oxygen has been described (6, 10). 
ft appears that oxygen cannot diffuse across a liquid-gas interface at a 
ste approximating the rate of formation of oxygen from the substrate 
mtil the oxygen concentration has been increased by the progress of the 
asymatic reaction. A study of the difference (d) between the value of 
3-2 and a — 2’ gave a measure of the concentration of oxygen in the 
glution at any time. It appeared that d increased for a few seconds until 
the rate of evolution of oxygen approximated the rate of formation of 
oxygen, after which it decreased in proportion to the decrease of substrate. 
This accumulation of oxygen can best be explained by the stationary film 
theory of diffusion across a liquid-gas interface (6, 11, 12). 


TABLE I 
Proportionality of Reaction Velocity to Enzyme Concentration 


Enzyme concentration ko* | Ret 
moles per l. 

3.51 107!° 0.0081 2.31 X 10’ 
7.02 X 107'° 0.0173 2.46 107 
10.53 107!° 0.0257 2.44 X 107 
14.04 107'° 0.0334 2.38 X 10? 

2.40 X 107 


* The first order rate constant, ko, for a given enzyme concentration was measured 
in 0.093 m H2O- at 29°. The values presented represent an average of two assays. 

t The specific rate constant, k,, equals ko/e, where e is the enzyme concentration 
of the reaction mixture in moles per liter. 


Relationship of Enzyme Concentration and Substrate Concentration to 
Reaction Rate 

Enzyme—The first order rate constant, ko, was determined for various 
enzyme concentrations (e) by injecting 1 ml. of the properly diluted en- 
tyme into 50 ml. of 0.093 m H.O, (Table I). The ky had a direct propor- 
tionality to the enzyme concentration expressed as moles per liter. Divid- 
ing ko by e gave a specific rate constant, k, (4), of 2.40 + 0.06 x 10? (liters 
X mole X sec) over a 4-fold dilution of enzyme. 

Substrate—The specific rate constant, k,, remained independent of sub- 
strate concentration over the range studied when H.O, was utilized as a 
substrate (Fig. 4). When determined with perboric acid as a substrate, 
k, appeared to be inhibited with increasing concentration of the substrate. 
At 0.1 m substrate concentration, the k, in perboric acid substrate was 20 
percent lower than that for the same enzyme with 0.1 m H.O; as a sub- 
strate. This inhibition appears to be due to the inhibiting action of the 
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Cl ion (3) which was present inasmuch as the sodium perborate was ney. 
tralized with an equivalent amount of HCl. 


0.02 0.04 0.06 0.08 C10 
CONG. OF SUBSTRATE (MOLARITY) 


Fic. 4. The specific velocity constant, k,, plotted against substrate concentration 
(7.43 X 107'° Mm catalase, 0.02 m phosphate buffer, pH 6.8, 29°). @, 0.1 m perboric 
acid; O, 0.1 m hydrogen peroxide. 


DISCUSSION 


Studies in this laboratory (9) on the comparative fractionation of liver 
catalase from normal and tumor-bearing animals required a rapid quanti- 
tative assay of catalase on homogenates and insoluble tissue fractions as 
well as highly purified preparations. It, therefore, seemed desirable to 
have a catalase assay based on a manometric procedure. The present 
method which was developed and used in this laboratory during the past 
2 years has been found to give excellent proportionality between enzyme 
concentration and reaction rate. _ 

The procedure described in this paper differs from other manometric 
methods described previously (8, 10) chiefly in the degree and type of 
stirring. At the speed of 1800 r.p.m., the surface of the liquid was rough. 
The vortex was large and carried air down into the liquid. The round 
reaction vessel created a current which forced liquid up the sides of the 
vessel where it was then carried by gravity down into the vortex. The 
broken and enlarged surface area appeared to allow remarkably high dif- 
fusion rates which permitted the study of rapid reactions at short time 
intervals without diffusion becoming the rate-limiting step. 

A temperature of 29° and a substrate concentration of 0.1 m hydrogen 
peroxide were convenient and suitable conditions for most of our assays. 
However, it was found that the stability of different enzyme preparations 
toward this system varied. The highly purified fractions indicated earlier 
denaturation by deviating from first order kinetics much earlier on the 
time curve than other less highly purified preparations. However, satis- 
factory assays could be made on the most labile of these preparations, as 
the total reaction could be run in such a short time interval that denatura- 
tion was insignificant. 
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SUMMARY 


|, A manometric assay of catalase activity is described which utilizes a 
pressure transducer and a continuous recorder system to record the pres- 
sire change of the O2 evolved from the H,O, during the initial period of 
the reaction. 

2. The first order reaction constants obtained by the manometric proce- 
dure agree well with those obtained by titration of the substrate at various 
times during the reaction. 

3. The first order reaction constant is directly proportional to the en- 
me concentrafion over a 4-fold range of enzyme concentration. 

4. The first order reaction constant is independent of substrate concen- 
tration over a substrate range of from 0.02 to 0.1 Mm H.Os. 
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LIVER CATALASE 
i. CATALASE FRACTIONS FROM NORMAL AND TUMOR-BEARING RATS* 


By VINCENT E. PRICE anp ROBERT E. GREENFIELD 


(From the Laboratory of Biochemistry, National Cancer Institute, National Institutes 
of Health, Bethesda, Maryland) 


(Received for publication, January 28, 1954) 


The marked reduction of catalase activity in the liver of tumor-bearing 
animals is a striking example of an effect of a neoplasm on an enzyme sys- 
tem of the host (1). Studies reported by Greenstein and coworkers (2-3) 
and confirmed by others (4-7) have dealt with the reduction of catalase 
activity in the liver of tumor-bearing animals. No attempt has yet been 
made to determine whether this is the result of a catalase of reduced ac- 
tivity or the result of a reduction in the amount of enzyme present. 

In the present study, this problem was approached by a careful parallel 
fractionation of catalase from livers of normal and tumor-bearing rats. 
To make such a comparison, it was necessary to develop a method of 
purifying rat liver catalase with a good recovery of activity in the various 
fractions and with as high an over-all yield as possible. Use was made of 
calcium phosphate gel-cellulose columns! to separate and study the small 
quantities of enzyme available. In the course of these studies crystalline 
rat liver catalase was prepared and characterized. 


EXPERIMENTAL 


Material—Small pieces of hepatoma N? were injected by trocar into the 
peritoneal cavity of male Sprague-Dawley-Holtzman rats weighing from 
80 to 120 gm. After 7 days, the animals were sacrificed by decapitation’ 
and the livers were removed. ‘The tumors weighed from 7 to 14 gm., and 
the loss of carcass weight was 0 to 15 per cent. In these young animals 


* Presented in part at the meeting of the American Association for Cancer Re- 
arch, Inc., Chicago, April, 1953. 

‘Suggested by Dr. H. A. Sober and Dr. E. A. Peterson of this laboratory (personal 
communication). 

*A transplantable rat tumor developed from a hepatoma in the laboratory of Dr. 
A. Novikoff who kindly sent us the tumor in 1951. 

* No significant difference could be found between the catalase activity of perfused 
and non-perfused normal livers. The non-perfused livers were found to contain 
less than 4 per cent blood. Inasmuch as the catalase activity of rat blood was 20 
units per ml., whereas that of liver was 160 to 180 units per gm., the catalase from red 
a cells contributed less than 0.5 per cent of the catalase activity of non-perfused 
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there was no gross or microscopic evidence of metastasis into the liver, a) 
though there was an occasional microscopic implant of tumor tissue on the 
serosa over the liver. The ratio of liver weight to carcass weight was the 
same for the normal and tumor-bearing animals. On microscopic exam. 
ination, no apparent difference was revealed between the sections from the 
normal livers and the livers of the tumor-bearing animals.‘ 

Characterization of Fractions—The catalase activity was assayed by 4 
manometric apparatus described previously (8) in which 1 ml. of properly 
diluted enzyme was injected into 50 ml. of 0.093 m perboric acid® in 0, 
M phosphate buffer of pH 6.8 at 29°. 

As the catalase-hydrogen peroxide reaction can best be described by first 
order kinetics, the rate of decomposition of hydrogen peroxide by a solu- 
tion of catalase is expressed as ko, the first order reaction constant. If the 
catalase concentration (e) in the assay solution (in moles X liter~) is 
known, then k,, the specific reaction constant, may be calculated from the 
relationship k, = ko/e. Similarly, if k, is known for rat liver catalase, the 
catalase concentration of a solution can be calculated from its first order 
rate constant, (10). 

From the relationship of the nitrogen content of crystalline catalase to 
its activity, the activity of other catalase fractions may be expressed in 
terms of catalase nitrogen and the ratio of catalase nitrogen to total nitro- 
gen can be used as a measure of purity. From the known relation of the 
molar extinction coefficient at 276 my of crystalline catalase to its activity, 
the contribution of catalase to the total absorption at 276 my in the effl- 
ent fractions of the column can be estimated. The ratio of absorption o 
catalase at 276 my to the total absorption at 276 my of the effluent allows 
a direct comparison of the specific activity of these fractions to that of 
crystalline catalase. The calculations presented are based upon a molect- 
lar weight for catalase of 249,000, a nitrogen value of 16.9 per cent, a molar 
extinction coefficient at 276 my of 386,000, and a k, of 2.74 X 10’ moles 
X liter! X sec.—, all of which were determined on the crystalline prepara- 
tion. 

Preparation of Calcium Phosphate Gel on Cellulose—To 31 gm. of cellu- 
lose powder (Whatman standard grade) suspended in 100 ml. of distilled 
H.O were added 50 ml. of a solution containing 0.1 mole of CaCl, 0.067 


‘ The liver sections were examined by Dr. E. M. Nadel, National Institutes of 
Health, to whom we are indebted for this courtesy. 

’ It has recently been shown (8) that the activity of crystalline catalase toward 
0.093 m perborie acid is 20 per cent lower than that when hydrogen peroxide is used 
as a substrate. This is presumably due to inhibition by the chloride ion introd 
by the neutralization of sodium perborate with HCl (9). The activity values pre 
sented in this paper would be correspondingly higher if determined in the absence 
of Cl-. 
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mole of KH.PO,, and 0.033 mole of HCl. After stirring for 2 minutes, 50 
ml. of 4 m NH,OH were added and the stirring was continued. The mix- 
ture became quite thick and was left overnight at 5°. The supernatant 
fuid was decanted the next morning and the gel-cellulose precipitate was 
washed by decantation with 2 liter volumes of water until the wash water 
was negative to Nessler’s reagent. The gel-cellulose was centrifuged, 


TaBLe [ 
Fractionation of Rat Liver Catalase 
Total activity Total Purity,t | Total ab- 
units* nitrogen per cent 

N$ TI N T N T N T 
(ethanol-chloroform supernatant) . ./40,200/10,700) 1,400) 870) 4.3 | 1.9 |2271| 701 
P, ( 10,600 12,500; 8,300'8900; 0.20) 0.22 
& (calcium phosphate gel superna- 
3,530 0 560) 620, 1.0 0.00) 259 152 
8; (combined gel eluates)............ 500 290 180/17 .5 10.6 | 850 333 
(ethanol supernatant)............) 1,400 190 140 0.20 1.5 | 376) 282 
28, 50010, 000 93. 25 46.9 60.4 | 546 168 


*Units = kyo X 51 XK d XK v where ko _ the first order reaction constant obtained 
for the decomposition of 50 ml. of 0.093 m perboric acid at pH 6.8 after addition of 1 
ml. of enzyme of dilution, d, from a fraction of volume, v, in ml. 

t Purity is the per cent of total nitrogen calculated to be catalase on the basis 
that 1 activity unit of crystalline catalase is equivalent to 1.53 XK 1073 mg. of cata- 
lase nitrogen. 

t Absorption per cm. X volume of fraction in ml. 

§ Livers of normal rats. 

| Livers of tumor-bearing rats. 


resuspended in 0.05 m KH2PO,, adjusted to a pH of 5.7, taken to a final 
volume of 620 ml., and then packed directly into the columns. 

Preliminary Purification Procedure—The purification procedure, con- 
siderably modified from that described by Sarkar and Sumner for beef liver 
catalase (11), was carried out with 100 to 500 gm. of liver. In a typical 
experiment, which is presented to illustrate the general procedure, 300 gm. 
of liver from the normal animals and an equal amount from the animals 
bearing the intraperitoneal hepatoma N were quickly removed and frozen. 
It was found that the catalase activity of these frozen livers remained 
constant over a period of weeks. The various steps of the purification 
procedure were conducted in parallel on the two types of liver. The data 
are presented in Table I. 


eT, al- | 
the 
the 
m the 
by a 
perly 
1 0.02 
first 
solu- 
If the 
-1) ig 
the 
, the 
order 
ed in 
nitro- 
of the 
ivity, 
efflu- 


366 LIVER CATALASE. II 


Step 1—The livers were thawed and homogenized in the Waring blendo 
with 750 ml. (2.5 volumes) of cold distilled H,O for seven periods of | 
minute each, with 1 minute intervals of cooling in an ice bath. The 
homogenates were then transferred to beakers in an ice bath and 1050 ml 
(3.5 volumes) of a solution containing 2 volumes of 0.06 n HCl and 4 
ml. (1.5 volumes) of absolute ethanol at —10° were added slowly with 
mechanical stirring. Cold chloroform (150 ml. or 0.5 volume) was added 
(12) to bring the homogenate to a final concentration of 20 per cent alcohol 
and 6.7 per cent chloroform at a pH of approximately 4.7. A final adjust. 
ment to pH 4.7 was made with cold 0.1 nN HCl. After a 3 hour period at 
0°, the mixture was centrifuged. The precipitate (P,) which contained 
particulate material and denatured hemoglobin was assayed and discarded, 

Step 2—To the supernatant fluids (S;) were added 300 ml. (1 volume) of 
calcium phosphate gel (11) containing 10 mg. of gel per ml. The pH was 
adjusted to 5.7 with cold 0.1 n NaOH. Upon centrifuging, the gel pellet 
(P2) contained 90 to 100 per cent of the activity of 8,. The supernatant 
fluid (S:) was assayed and discarded. 

Step 3—The catalase activity was eluted from the gel successively with 
150 ml. of 0.1 m KH2PO, and with 150 ml. of potassium phosphate buffer, 
pH 8.0, at 25°. 

Step 4—The eluates were combined (S83) and adjusted to pH 5.4 with! 
M acetate buffer, pH 4.0, and cooled to 0°. An equal volume of cold 
per cent alcohol was added and after 3 hours the solution was centrifuged 
for 2 hours at 600 X g at 0°. The supernatant solution (S,) was assayed 
and discarded. The alcohol precipitate (P,) was dissolved in 20 ml. of 0.1 
M K2HPO, and adjusted to pH 5.7 with 1 Mm acetate buffer at pH 4.0. 
This solution (Ss) was dialyzed against 0.05 m potassium phosphate at pH 
5.7, centrifuged, and then placed on the calcium phosphate gel-cellulose 
column for further fractionation and purification. 

In the numerous purification studies carried out, the total catalase 
activity of the original liver homogenate of the tumor-bearing animals was 
found to be from 40 to 60 per cent that of the normal animals. However, 
the total nitrogen and iron values were the same in the homogenates from 
both sources. 

The initial alcohol-chloroform precipitate (P;) from the livers of both 
normal and tumor-bearing rats contained an insoluble catalase activity of 
nearly the same amount, which could not be removed by repeated washing 
of the pellet. On a percentage basis, therefore, the §, fractions from the 
livers of the normal animals accounted for 80 per cent of the total catalase 
activity, whereas the corresponding §, fractions from the tumor-bearing 
animals accounted for 50 to 60 per cent of the total activity. In all the 

subsequent steps in the purification procedure, losses in catalase activity 
were relatively small. 
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There were reproducible differences which were noted in the liver frac- 
tions of normal and tumor-bearing animals. For example, the 8, fraction 
of the normal livers was quite turbid compared with the 8, fraction from 
the livers of the tumor-bearing animals. Furthermore, all the fractions 
beyond §; differed in color, as the greater concentration of catalase in the 
fractions of normal livers caused these fractions to be much darker than 
the corresponding fractions from livers of tumor-bearing animals. The S; 
fractions from the normal livers were almost black, whereas the fractions 
from the livers of the tumor-bearing rats were amber in color. A decrease 
was seen in both the catalase activity and the absorption in the Soret band 
region of the fractions from tumor-bearing animals (Table [). 

During this preliminary purification procedure, there was an increased 
concentration of iron which could not be accounted for as catalase iron. 
The original homogenates had 6.32 and 6.60 7 of Fe per mg. of N, and the 
final fraction, Ss, had 62.7 and 74.8 y of Fe per mg. of N, respectively, 
for the normal livers and the livers of the tumor-bearing animals. The 
total Fe and total N were 33 times higher in the S, fraction of normal 
liver. This increase in iron-containing protein was shown to be due to the 
presence of ferritin. Agner (13) reported a similar difficulty in separating 
horse liver catalase from ferritin. 

Crystallization of Normal Rat Liver Catalase—Crystalline catalase can be 
obtained from the P, fraction of normal rat liver by the following pro- 
cedure. The final alcohol precipitate (P,) was taken up in the minimal 
quantity of 0.02 m phosphate buffer at pH 7.4 necessary to dissolve the 
precipitate. The solution was then taken to pH 7.0 with 0.05 n HCI and 
dialyzed against 0.02 m phosphate buffer at pH 7.0. The precipitate was 
centrifuged and the supernatant solution taken to pH 6.2 with 0.05 n HCl. 
The brown precipitate which formed was centrifuged and discarded. The 
supernatant solution was then adjusted to pH 5.6 and again clarified by 
centrifugation. The supernatant solution was dialyzed against cold dis- 
tilled water. Since no crystals were obtained, the precipitate which 
formed was redissolved by adding 0.05 nN HCl to a pH of 5.0. Thereafter, 
0.05 n NaOH was added to a pH of 5.4 when a faint turbidity was obtained. 
The solution was clarified by centrifugation and to the supernatant solu- 
tion ammonium sulfate (100 gm. per liter) was added dropwise with stirring 
util a faint turbidity was reached. The solution was set in the ice box 
for the crystallization. At intervals, a few drops of the ammonium sulfate 
solution were added with gentle stirring as crystallization proceeded. Ap- 
proximately 25 per cent of the activity of fraction P, was obtained in crys- 


*Dr. Richard Fineberg of the University of California has kindly determined the 
ferritin in some of our fractions by the cross-reaction of horse ferritin antiserum with 
rat ferritin. He obtained crystalline ferritin from Peak D, Column N, by addition 
of cadmium sulfate (personal communication from Dr. Fineberg). 
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talline form. Although the crystalline sheen was striking, the fine need. 
shaped crystals were often not seen microscopically except with a phage 
microscope. Recrystallization was carried out by dissolving the crystal 
in 0.02 m phosphate buffer at pH 7.4 and adding sufficient ammoniup 
sulfate solution (500 gm. per liter) to precipitate all the activity. The 
pellet was dissolved in the minimal amount of 0.02 m phosphate buffer at 
pH 7.4 and centrifuged. The pellet was discarded, and the supernatant 
solution was dialyzed against water at 5°. Large yellow rosettes of crystals 
formed on the wall of the dialysis sac. The solution was placed in a test- 
tube when the first crystals appeared and crystallization continued until 
over 50 per cent of its catalase activity was crystallized. The crystals had 
a k, of 2.55 X 10’ corresponding to a Kat. f. of 53,000 and an absorption 
ratio, 276 myu/407 my, of 1.03. Although crystalline, the preparations are 
not as pure as those obtained by the following chromatographic procedure. 

Chromatography on Calcium Phosphate Gel-Cellulose Columns—A further 
study of the S; fractions was accomplished by the use of calcium phosphate 
gel-cellulose columns.’ Half of each S; fraction was dialyzed against 0.05 
M potassium phosphate at pH 5.7. The dialyzed Ss, fraction from the 
normal animals, containing 510 X 10-° mole of catalase activity, was 
introduced onto a column 15 X 1.1 cm. (Column N). The corresponding 
Ss fraction from tumor-bearing animals, containing 181 X 10~-® mole, was 
similarly added to a 7.5 X 1.1 cm. column (Column T). Each column was 
washed with 0.05 m potassium phosphate at pH 5.7. The hydrostatic 
pressure was adjusted by means of siphon bottles so that the flow rate on 
both columns was about 3 ml. per hour. In Fig. 1, the total optical density 
at 276 my per ml. of effluent and the optical density which can be accounted 
for as catalase by activity measurements are plotted against the hourly 
fractions. 

After approximately 15 ml. of wash buffer had passed through the col- 
umns, the eluting buffer was changed to 0.05 m potassium phosphate buffer 
at pH 6.2. <A peak (A) came off Column N (Fig. 1) which contained 439 
< 10-9 mole of catalase or 65 per cent of the catalase recovered from the 
column. 


7A similar chromatographic pattern was obtained with the liver fractions from 
normal and tumor-bearing rats on calcium phosphate gel columns eluted with 0.02 
mM phosphate buffers from pH 6.2 to 8.0. Although the separation was successful, 
the use of calcium phosphate gel alone as an adsorbent was abandoned because of 
the very slow flow rate. On repeated runs calcium phosphate gel-cellulose columns 
gave reproducible chromatographic patterns. 

8’ The recovery of catalase was 677 X 10-® mole from Column N and 241 X 10° 
from Column T. This increase of 33 per cent in both Columns N and T is not under- 
stood at this time. Similar increases were found in other chromatographic separa 
tions in this study. 


Fr 


eatal: 


Ir 

cal 

at 
to 

the 

acti 

col 
norm 

from 
for ¢1 
pH 5. 
phate 
0.15 
after 
preps 
tub 
the c 
In 
T) ec 

cata 
a 
buffe 

Col 


V. E. PRICE AND R. E. GREENFIELD 369 


In Tubes 9 through 12 the amount of catalase absorption at 276 my, 
calculated from activity as described above, exceeded the actual absorption 
at 276 mu. The k, of the peak tube was 4.05 X 10’ which is equivalent 
toa Kat. f. of 83,000 (14). This exceeded by 50 per cent the activity of 
the crystalline preparation on which the calculations were based. The 
activity of this fraction was quite unstable and after recycling on a new 
column a lower k, of 2.94 & 107 was obtained. This decreased still further 


OPTICAL DENSITY AT 276 M& 
o wo a 8 


20 40 60 
FRACTION NUMBER 


Fig. 1. Total optical density (solid line) and optical density calculated as that of 
catalase (broken line) in column effluents of partially purified liver fractions of 
normal (N) and tumor-bearing (T) rats. The absorption of catalase was calculated 
from the units of activity per ml. with an e of 386,000 and a k, of 2.74 X 107 determined 
for crystalline rat catalase. The columns were washed with 0.05 m phosphate at 
pH 5.7 and then eluted with 0.05 m phosphate buffer at pH 6.2 (Peak A), 0.10 m phos- 
phate buffer at pH 6.2 (Peak B), 0.15 m phosphate buffer at pH 6.2 (Peak C), and 
0.15 m phosphate buffer at pH 6.8 (Peak D). Hourly fractions of 3 ml. were taken. 


after storage. Deutsch has reported a similar lability for a highly active ~ 
preparation of horse erythrocyte catalase (15). The k, of the remaining 
tubes of Peak A (Fig. 1) approximated or was slightly lower than that of 
the crystalline catalase subsequently derived from this fraction (see below). 

In contrast to Peak A (Column N), the corresponding Peak A (Column 
T) contained 95 X 10-° mole of catalase which was only 39 per cent of the 
catalase recovered from Column T.. The k, of the peak tube was 2.73 X 
1’ and corresponds to a Kat. f. of 57,000. 

When the eluting buffer was changed to 0.10 m potassium phosphate 
buffer at pH 6.2, a second peak (B) came off the column. Peak B from 
Column N contained 202 x 10-® mole of catalase or 30 per cent of the 
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catalase recovered from the column. The corresponding Peak B fron, 
Column T contained 129 X 10-° mole of catalase or 53 per cent of the 
catalase recovered from the column. Only 52 and 41 per cent of the 
absorption at 276 my in Peak B of Columns N and T, respectively, cou 
be accounted for as catalase on the basis of activity. 

When the eluting buffer was changed to 0.15 m phosphate at pH 62,4 
third peak (C) was obtained containing 31 X 10-° mole of catalase from 
Column N and 15 X 10-° mole from Column T. This represented 5 and 
6 per cent, respectively, of the catalase obtained from Columns N and T. 

On changing the eluting buffer to 0.15 m phosphate at pH 6.8, practically 
all the remaining material was removed from the column. Only 5 x 10 
mole of catalase or less than 1 per cent of the catalase recovered from 
Column N was found in Peak D. Of the 0.97 mg. of nitrogen found in this 
peak about 36 per cent could be accounted for as ferritin nitrogen. The 
corresponding Peak D of Column T was very small and contained only 
3 X 10-° mole of catalase and a small amount of ferritin. 

Spectrophotometric Data—The absorption spectra of the apex tube of 
Peaks A through D of Columns N.and T (Fig. 1) are presented in Fig. 2. 
The absorption spectrum from Peak A, Column T, was nearly identical to 
that of the Peak A, Column N, and was characterized by having an ab- 
sorption at 276 mu slightly lower than the absorption of the Soret band 
at 407 my (Daz) and by a minimal absorption at 312 my. When the frac- 
tion from the normal liver was recycled through a new column, the ratio 
D4o:/Deov. remained the same even though the activity fell as described 
above. 

The absorption spectrum of Peak B was characterized by having an 
absorption ratio 407 my /276 my of approximately 0.6. On recycling Peak 
B of the normal liver, it was found that it contained some catalase similar 
_ to that found in Peak A. The absorption ratio 407 my/276 my of the 

remainder fell to 0.43. The per cent of absorption at 276 my, which was 
calculated from the activity as being due to catalase, changed from 52 to 
35 per cent. The relatively high absorption at 312 my of the fraction from 
livers of tumor-bearing animals was found to be due to contamination with 
ferritin. The cross-reaction of horse ferritin antibodies indicated the 
presence of at least 0.03 mg. of ferritin nitrogen per mg. of protein N.° The 
minimal absorption at 312 my seen in Peak B of the normal liver fraction 
has, in our experience, indicated that this fraction is relatively free of 
ferritin. This was confirmed by the absence of a reaction between horse 
ferritin antibodies and the protein of Peak B (Column N).® 

The absorption ratio 407 mu/276 mu for Peak C was approximately 03 
for both the normal and tumor-bearing animals and both contained some 
ferritin. 

Peak D from the normal liver gave a spectral absorption curve similar 
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to that given by ferritin. The Peak D fraction from the livers of tumor- 
bearing animals gave a very low total absorption. Since little ferritin was 
present in this peak, the absorption maximum at 407 my was prominent 
although it contains only a minute amount of catalase. 

Uliracentrifuge Data (Table II)—Fraction A of Column N was found to 
entain a protein contaminant with an Se. of about 16.4, which may be 
apoferritin. ‘This protein could be nearly eliminated by fractional crys- 
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Fic. 2. Spectrophotometric curves of the apex tube of Peaks A through D (Fig. 1) 
of Column N (solid line) and T (broken line). For plotting purposes, the densities 
of the apex tube of the peaks of Column N were plotted directly for Peaks A, B, and 
Cand multiplied by a factor of 0.5 for Peak D. The densities of the apex tube of 
the peaks of Column T were multiplied by 10, 2, 2, and 5 for Peaks A, B, C, and D, 


respectively. 


tallization as described below. The main component of Fraction A and 
the single component of recrystallized Fraction A had an Seo,» of 10.8 and 
10.9, respectively. This value agrees well with the sedimentation reported 
for catalase of other species (16-19). 

Fraction B from the normal and tumor-bearing animals was found to 
contain a component with an So,» similar to that of the catalase of Peak 
A and a second protein component with an Seo of 6.3. 

Fraction C (Column N) contained only a small component with an 
Sto.» of 10.2 but had a large second component, amounting to 78 per cent 
of the total protein, with an S2o.. of 6.5, which was similar to that of the 
second component of Fraction B. 
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Crystallization of Fractions from Column—It was found that Peak A ¢ 
Column N could be readily crystallized by dialyzing against 0.1 potas 
sium phosphate buffer at pH 6.2 and then against increasing concentrs. 
tions of ammonium sulfate. The first crystals usually formed at an an. 
monium sulfate concentration of 150 gm. per liter. These first crystak 
were found to have a low activity with a k, of 2.10 X 107 and were there. 
fore centrifuged and discarded. When the mother liquor was redialyzed 
against an ammonium sulfate solution of 160 or 170 gm. per liter, mor 
active crystals with a k, of 2.41 X 10’ were obtained (Fig. 3). The crystak 
were washed with ammonium sulfate and taken up in 0.1 potassium 


TaBLeE II 
Sedimentation Properties of Catalase Fractions 
| 
Per cent Per cent Per cent 
F S20 f l S20.w f l S20. 
| 
Crystalline A (Column N).... | 10.9 98 16 2 
6.5 | 32 10.4 68 | 
| 6.3 | 78 10.2 | 22 


* Fractions obtained from Columns N and T of Table I. 

Tt Seo,w determined in a Spinco model E ultracentrifuge at 0.6 to 1.0 per cent 
protein concentration in 0.1 mM phosphate buffer at pH 5.7; » = 0.1134. The S2. 
were calculated from five to ten exposures over a period of 1 hour after reaching 
250,000 X g. 

t The per cent of protein in the various peaks was calculated from the area under 
the curve by using a refractive index of 0.00219 obtained at 22.1° on a 1.0 per cent 
solution of twice crystallized rat liver catalase. 


phosphate buffer at pH 6.8 and recrystallized by dialyzing against 0.1 ™ 
KCl. Smaller crystals were obtained by dialysis against distilled water or 
0.02 m KCl. 

The catalase from Peak B of the tumor-bearing animals was readily 
crystallized by dialysis against three changes of 0.1 m KCl. Because of 
the relatively small amount of catalase present, the yield of crystals was 
so low as to prevent recrystallization and further characterization at this 
time. 

Properties of Crystalline Rat Liver Catalase—The crystalline catalase 
fractions from Peak A (Column N) after recrystallization had a k, of 2.74 
X< 10’ and a Kat. f. of 57,300. The absorption ratio D4oz/D2z6 was 1.00. 
The ratio Dos/Ds2. was 4.92. The main peak on ultracentrifugation had 
an S2o,0 of 10.9. A trace component amounting to less than 2 per cent of 
the total protein had an Sx, of about 16. 
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The catalase protein was found to contain 16.9 per cent nitrogen when 
dried to constant weight in a Fischer pistol at 60°. The molar extinction 
coefficient, €, at both 276 and 407 my was 386,000. 

A molecular weight was calculated (20) as 249,000 for crystalline rat 
liver catalase from the Sx, of 10.9 (Table II) determined at a protein 
concentration of 0.65 mg. per ml. The diffusion constant for catalase 
(Dx) was taken as 4.1 X 1077 as reported by Sumner and Gralén (19) for 
beef liver catalase. V,,., the partial specific volume, was taken as 0.74 
as reported by Deutsch (21). 


Fic. 3. Catalase crystals from Fraction A of Column N crystallized from 0.1 x 
KCl. 1500 x. 


DISCUSSION 


The data presented above show a decrease of active liver catalase in the 
tumor-bearing rats. No evidence was found for a catalase fraction in the 
livers of tumor-bearing rats which was not found in normal rat livers. 

The pellet, P,, from the initial aleohol-chloroform precipitation of the 
liver homogenates of both normal and tumor-bearing animals contained the 
same amount of an insoluble non-extractable catalase activity. Through- 
out the remaining steps of the initial fractionation procedure both the 
activity and the Soret band absorption in the fractions from livers of tumor- 
bearing animals were about one-third of that found in corresponding frac- 
tions from normal livers. 

In the chromatographic procedure, the first peak, A, obtained in the 
normal liver fractions was that of a highly active, labile catalase with a 
k, as high as 4.05 X 10’ moles X liter-' X sec.-' which corresponds to a 
Kat. f. of 83,000. The corresponding peak in the liver fractions of tumor- 
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bearing animals had lower specific activity with a k, as high as 2.73 x 19 
moles X liter~! & sec.—!. The most striking change, however, was the 
marked reduction of catalase protein in Peak A of the tumor-bearing animal 
to less than 20 per cent of that of Peak A of the normal animal. This 
reduction accounts for the major loss in the catalase activity of the tumor- 
bearing animal. 

The second and third peaks, B and C, had relatively low catalase ac- 
tivity. Ultracentrifuge studies showed that a second protein component 
with an Soo. of 6.3 to 6.5 could be separated from these fractions. In 
livers of tumor-bearing animals, the reduction of these peaks is less striking 
than that found in Peak A. 

The difference between Peak D of the tumor-bearing and normal ani- 
mals was striking. However, the fractionation procedure described was 
designed to fractionate catalase activity. Ferritin was lost at practically 
every step. Therefore, the ferritin remaining represents only a small per 
cent of that originally present. Fractionation studies on ferritin of the 
livers of normal and tumor-bearing animals would be of value in this 
connection. At present, it can only be said that more ferritin was carried 
along in the normal liver fractions through the preliminary fractionation 
procedure, but that it is more difficult to separate the final traces of ferritin 
from the catalase fractions of the tumor-bearing animals by the chromato- 
graphic technique described. 

In the present study the Soret band absorption and the activity were 
proportionately decreased in the soluble liver fractions from tumor-bearing 
animals. Further, 80 to 90 per cent of the soluble catalase activity 
was recovered in the S; fractions. Chromatographic studies on these 
fractions revealed no unique form of catalase in the tumor-bearing animal. 
This does not rule out the existence of an altered catalase with different 
solubility properties which might precipitate in the initial pellet, or, if the 
Soret band absorption was destroyed, might have been discarded unde- 
tected in one of the soluble fractions. Such a change in the Soret band 
absorption has been reported by Hargreaves and Deutsch during an in- 
hibition of catalase by an aqueous extract of boiled tumor homogenate in 
vitro (22). It is interesting to note that other tumor preparations which 
do not lower either the catalase activity or Soret band absorption in vitro 
have a marked effect on the liver catalase of normal animals in vivo (23, 24). 

The striking reduction of the highly active, labile catalase component 
may demonstrate a specific point of interference of the tumor in the metab- 
olism of liver catalase. Preliminary studies have been undertaken to find 
in what component of the cell the highly active, labile catalase occurs. 
Further investigations are planned to study the turnover of catalase in the 
various catalase fractions of liver of normal and of tumor-bearing rats and 
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tostudy the effect of a purified factor of tumor (24) on the various fractions 
of catalase. 


SUMMARY 


1. The livers of normal rats and of rats bearing intraperitoneal tumors 
rere fractionated in parallel and in identical fashion in order to study the 
total distribution of catalase in the various fractions. An insoluble frac- 
tion (P;) was not reduced in liver of tumor-bearing animals, whereas the 
catalase of the soluble fractions was reduced to less than one-third that 
found in the corresponding fractions from norma] liver. 

9. The use of calcium phosphate gel-cellulose columns to study the puri- 
fed soluble catalase fractions resulted in the separation of four fractions 
fom each of the two kinds of liver. The first of these fractions was a 
highly active, labile catalase with a k, of 4.05 X 10’ moles X liter“ X sec.“! 
erresponding to a Kat. f. of 83,000 which, in amount, was markedly 
reduced in the corresponding fraction from the tumor-bearing animals. 
The other fractions each contained lesser amounts of catalase and were 
associated with other liver protein components. The catalase in these 
fractions from the tumor-bearing animals was moderately reduced below 
the normal values. 

3. Crystalline rat liver catalase was found to have a k, of 2.74 X 10’ 
corresponding to a Kat. f. of 57,300, a molecular weight of 249,000, and a 
molecular extinction coefficient at 276 my of 386,000. 


The authors wish to thank Dr. J. P. Greenstein for his continued interest 
inthis problem. They are also grateful to Mr. F. J. Gutter for assistance 
with the ultracentrifuge studies, and to Mr. R. J. Koegel for the nitrogen 
and iron analyses. 
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Although many methods have been used for the determination of total 
lipides, few have been described with detailed directions for application to 
animal tissues, and there is none, as far as the author is aware, which is 
applicable to brain tissue, which permits the determination of water and 
lipides in the same sample of tissue, and which satisfies all of the following 
criteria. (a) The tissue should be so thoroughly fragmented that the 
sampling error in taking aliquots is negligibie. This is particularly im- 
portant in the analysis of brain because of the wide variation in lipide com- 
position among the different structures of that organ. (b) Evaporation of 
water should be avoided during the fragmentation of the tissue and weigh- 
ing of the samples. Neglect of this precaution may introduce considerable 
error. (c) Extraction of the lipides should be complete. (d) Non-lipide 
impurities should be removed from the extracts before the lipides are meas- 
ured. (e) To avoid degradation of the lipides, undue exposure to air and 
high temperature should be avoided. (f) The procedure should be as 
simple as possible, and should be reasonably accurate. In addition, the 
determination of water in the tissue is required in many investigations so 
that lipide data may be related to dry weight; to conserve tissue, it is de- 
sirable that this analysis be carried out on the same sample in which the 
lipides are measured. A method which satisfies these criteria is described 
in this communication. 

The method was designed for analysis of the brain, but since brain lipides 
are more complex and difficult to extract than those of any other tissue, 
it should be readily applicable to any tissue which can be disintegrated 
under the conditions described in step (a) of the procedure. Several of 
the techniques, described in other steps, are generally applicable in lipide 
analysis. 


Procedure 


(a) Disintegration of Tissue and Weighing of Samples—Brain tissue is 
placed in the cylinder of the tissue disintegrator (Fig. 1), the piston is in- 


* Presented before the Division of Biological Chemistry at the 124th meeting of 
the American Chemical Society, Chicago, September, 1953. 
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serted, and the cap is tightly screwed on. The piston is forced down with 
a twisting motion until it is in contact with the bottom, and then pulled 
up until it is in contact with the cap. This process is repeated about 


Fic. 1. Tissue disintegrator. The clearance between piston and cylinder is 0.008 
inch. Other dimensions are not of critical importance and may be estimated with 
sufficient accuracy from the scale. The bottom face of the cylinder, the inner face 
of the cap, and the top and bottom faces of the piston are machined to plane surfaces 
which are perpendicular to the vertical axis. The apparatus is prepared for use by 
removing the bushing on the cap and wrapping a few turns of soft string around the 
shaft above the cap. Some water is placed in the cylinder, the piston is inserted, the 
cap is tightly screwed on, and the bushing is tightened over the string just enough so 
that no water leaks as the piston is worked up and down in the cylinder. The cap 
and piston are removed, and the apparatus is thoroughly dried. The apparatus 
shown here was designed to hold two rat brains, and to provide sufficient tissue for 
several replicate determinations. It is somewhat wasteful of tissue when used for 
duplicate determinations as described in the procedure. The apparatus may be 
obtained from the Laboratory Glass Supply Company, 610 West 150th Street, New 
York 31. 


twenty times.'. The cap and piston are removed and the cylinder is stop- 
pered. 


1 Histological studies by Dr. Leon Roizin showed that twenty strokes of the tissue 
disintegrator, requiring about 35 seconds, are sufficient to fragment brain, liver, 
spleen, and kidney tissues largely to isolated cellular elements with some disinte- 
grated cells. Further fragmentation may be achieved by continuing the grinding; 
after 80 strokes the cellular elements are almost completely disintegrated. Such 
‘preparations may be of value for studies of other types, but fragmentation of this 
degree is not necessary for complete extraction of lipides. 
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The homogeneous appearing, semiliquid tissue is drawn into a 2 ml. 
syringe through a No. 13 needle, approximately 3.5 inches long, with a 
blunt tip. ‘The needle is wiped clean, the syringe is weighed, and an ali- 
quot of about 500 mg. is injected into a 25 ml. glass-stoppered volumetric 
flask which has previously been rinsed with acetone, dried, and weighed 
as described in the next section. The syringe is reweighed to give the 
weight of tissue. 

(b) Determination of Water—About 10 ml. of acetone are added, the 
stopper is moistened with water and inserted, and the flask is shaken with 
a swirling motion to bring the tissue into fine suspension. Any particles 
of tissue which may have splashed into the neck or onto the stopper are 
rinsed with small portions of acetone dispensed from a solvent pipette 
(Fig. 2, A). The flask is clamped in a water bath at 35—40°, and a stream 
of CO. or Ne is run in through a tube (Fig. 2, B) which is held by a clamp 
so that the orifice is about 5 mm. above the surface of the solution. When 
the tissue appears to be dry (15 to 20 minutes), the flask is removed from 
the bath and its outside surface is rinsed with distilled water and wiped 
thoroughly with a clean towel. The drying is completed to constant 
weight in vacuo in a desiccator containing CaCl, or Drierite. The loss in 
weight represents the water content of the tissue (Tables I and II). 

(c) Extraction of Lipides—About 10 ml. of chloroform-methanol (2:1) 
are added, the dry tissue is freed from the bottom of the flask by use of a 
bent metal spatula, which is rinsed with a little solvent as it is withdrawn, 
solvent is added to the mark, and the suspension is thoroughly mixed and 
filtered by gravity through Schleicher and Schuell sharkskin paper? which 
has previously been exhaustively extracted with hot ethanol in a continu- 
ous extractor (1). 

(d) Washing of Lipide Extracts—Two 10 ml. aliquots of the filtrate are 
pipetted without delay into vials, approximately 2.7 cm. in diameter and 
6.5 cm. high, and freed of water-soluble components by a modification of 
the washing procedure of Folch et al. (2). Water is added carefully with 
a dropper until the vial is almost full, and the vial is lowered at once by 
means of forceps into a monel or stainless steel rack on the bottom of a large 
beaker which is full of water.2 After 2 or 3 days the water is sucked out 
of the beaker, and as much as possible of the water above the “fluff” layer 


*This paper is well suited for lipide analysis; it combines adequate retentiveness 
with a high rate of filtration which minimizes errors due to evaporation of solvent. 

* The use of a vial instead of a beaker in the Folch purification procedure makes it 
possible, at the end of the diffusion, to remove more of the water which causes froth- 
ing during the evaporation to dryness at the next step. Because of the smaller 
surface area the diffusion has been allowed to proceed for 2 or 3 days, though the 
overnight period prescribed by Folch et al. (2) is probably enough. The procedure 
of pipetting the solution into the vial before it is placed in the bath avoids potential 
errors which arise from pipetting under water as in the original method. 
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in the vial is removed by means of the capillary suction pipette of Vap 
Slyke and Rieben (3). About 3 ml. of methanol are added to replace 
that removed by diffusion, and the mixture is stirred. The “fluff” usually 
dissolves to a clear solution. If it remains cloudy, owing to residual water, 


Fic. 2. A, the solvent pipette. The tube should be at least 15 cm. long to avoid 
contact of the solvent with the rubber bulb. B, the tube for admitting inert gas; 
glass wool is placed in the inlet arm. C, apparatus for transfer of lipide solutions. 
Gentle suction, controlled by a screw clamp, is applied as indicated by the arrow. 
The inlet arm of the tube S should extend at least 2 cm. below the rubber stopper to 
avoid any contact between the latter and the solution. D, filter stick. A small 
. wedge-shaped piece of filter paper is twisted into the constriction and crumpled into 
the small cup formed by flaring the end. Enough of a suspension of shredded asbes- 
tos in water is sucked onto the paper to make the filter sufficiently retentive, but not 
so much as to make the filtration unnecessarily slow. The proper amount is soon 
learned by practice. A filter, once prepared, may be used for many filtrations. The 
apparatus is attached to a 5 ml. volumetric flask by means of a short piece of rubber 
tubing which fits snugly over the neck of the flask and the rubber stopper. 


more methanol is added until the solution becomes clear, as described by 
Folch et al. (2). 

(e) Transfer of Lipide Solution—The solution is transferred with gentle 
suction to a 50 ml. round bottom flask with a standard 19/38 neck by 
means of the apparatus shown in Fig. 2,C. The vial is washed as follows. 
The tip of a solvent pipette (Fig. 2, A) containing chloroform-methanol 
(2:1) is held against the wall of the vial near the top, and, as the vial is 
turned, solvent is forced out by gentle pressure on the bulb at such a rate 
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that a continuous film of solvent washes the entire wall. This is sucked 
over through tube S and the process is repeated several times. The tip 
of the transfer tube is rinsed with a few drops of solvent after each trans- 
fer and the inlet end of tube S is rinsed into the receiver after the last wash- 


TABLE I 
Comparison of Duplicate Determinations of Water in Brain Tissue 
Water in brain tissue a 
Experiment No. 
Duplicate 1 Duplicate 2 (A) — (B) x 200 
(A) (B) (A) + (B) 
per cent per cent per cent 
53-10 76.84 76.79 0.07 
53-14 77.59 77.53 0.08 
53-15 78.41 78.29 0.15 
53-16 78.64 78.57 0.09 
53-17 78.58 78.55 0.04 
TABLE II 


Comparison of Methods for Determination of Water in Brain Tissue 


Water in brain tissue determined by ss between 
Experiment No. 
Oven drying Proposed method (A) — (B) x 100 
(B) 
(A) (B) 
per cent per cent per ceni 
53-10 77.11 76.81* 0.39 
53-11 77.41 76.92 0.64 
53-12 77.90 77.52 0.49 
53-14 78.30 77 .56* 0.95 
53-15 78.59 78.35* 0.31 
53-16 79.19 78 .60* 0.75 
Average.......... 0.59 


* Average of duplicate determinations. 


ing. With this technique, completely quantitative transfers of lipide so- 
lutions can be rapidly accomplished with very small amounts of solvent. 
(f) Evaporation to Dryness in Vacuo—The solvent is distilled in vacuo 
at 35-40°. The frothing which occurs as dryness is approached is easily 
controlled by the addition with a solvent pipette of small portions of etha- 
nol through the capillary, which for this purpose is made a little coarser 
than is customary in vacuum distillations. CO, or N2 is admitted through 
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the capillary throughout the distillation, except for the times when ethanol 
is being added. 

When the sample is completely dry, the vacuum line is detached and, as 
the still-head is pulled up, the capillary is washed by 2 or 3 drops of chloro- 
form-methanol. The adapter used to connect the flask to the still-head 
and the neck and wall of the flask are washed by the technique described 
in step (e). Less than 1 ml. of solvent is required for these washings. The 
solution of lipides at this point should be almost colorless and clear, except 
for a small amount of protein precipitate which is set free from proteolipides 
by the drying procedure (4). 


TABLE III 


Comparison of Duplicate Determinations of Total Lipides in Same Extract 
of Brain Tissue 


Total lipides in brain tissue | wae = 
Experiment No. 
Duplicate 1 Duplicate 2 (A) — (B) 
gee (A) + (B) 7 
per cent per cent per cent 
53-10 10.41 10.40 0.10 
53-10 10.23 10.20 0.29 
53-11 10.19 10.13 0.59 
53-12 9.43 9.31 1.28 
53-17 8.42 8.31 1.32 
53-17 8.60 8.52 0.93 
53-18 8.48 8.37 1.31 
53-18 8.47 8.42 0.59 


_ (g) Filtration and Drying—The solution is filtered by means of the filter 
stick (Fig. 2, D) into a 5 ml. volumetric flask which has been previously 
rinsed out with chloroform-methanol, dried, and weighed as described 
below. The technique is exactly the same as that described at step (e) 
for the transfer of lipide solutions. With a properly prepared filter stick 
the filtration and five washings of the flask may be carried out in less than 
5 minutes with a final volume of less than 3 ml. of filtrate. 

The solvent is evaporated and the external surface of the flask is cleaned 
by the technique described in step (b). The flask is kept im vacuo in a 
desiccator for at least 18 hours and then placed in a Bethlehem Dri-Jar 
desiccator for at least } hour before being weighed. 

(h) Weighing—The 5 ml. volumetric flasks, used as convenient weighing 
bottles, are weighed on a rapid, accurate semimicro balance with care to 
use the same timing and sequence in the tare and final weighings. One of 
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the four flasks in a Dri-Jar desiccator is kept as a control, and the weights 
of the other flasks are corrected for any change in its weight.‘ This cor- 
rection is usually small, but it may be appreciable if there is a marked 


TaBLeE IV 


Comparison of Determinations of Total Lipides in Different Extracts 
of Brain Tissue 


Total lipides in brain tissue ae 
Experiment No. 

Extract 1 Extract 2 (A) — (B) 

(A) + (B) * 

per cent per cent per cent 

53-10 10.41 10.22 1.84 
53-14 9.74* 9.62* 1.24 
53-15 9.16* 9.10* 0.66 
53-16 iia 8.68* 1.03 
53-17 8.56 8.37 2.24 
53-18 8.45 8.43 0.24 


* Single determination. The other values are averages of duplicate determina- 
tions on the same extract. 


TABLE V 
Comparison of Methods for Determination of Total Lipides in Brain Tissue 
Total lipides in brain tissue determined by 
Experiment No. 
Folch method Proposed method (A) — (B) x 100 
(A) (B) 4) 
per cent per cent per cent 
53-10 10.55 10.32 +2.18 
53-11 9.95 10.16 —2.11 
53-12 9.37 9.37 0 
53-14 9.87 9.68 +1.93 
53-15 9.02 9.13 —1.22 
53-16 8.73 8.73 0 
53-17 8.71 8.47 +2.76 
53-18 8.63 8.44 +2.20 


change in atmospheric conditions. The difference in weights, multiplied 
by 2.5, represents the total lipide content of the tissue (Tables III to V). 


‘An extended series of control weighings has shown that the weights of the four 
flasks in a Dri-Jar desiccator vary together from day to day. The desirability of 
applying this correction was not discovered until most of the analyses reported in 
this paper had been completed. 
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RESULTS AND EXPERIMENTAL 


The method was applied to the determination of water and total lipides 
in whole rat brains. The reproducibility of the method for the determina. 
tion of water is shown by duplicate analyses of brain tissue (Table I). 

In several experiments the method was compared with a procedure in 
which aliquot portions of tissue were dried in weighing bottles in an oven 
at 110° for 24 hours. After being weighed under standardized conditions, 
the bottles were replaced in the oven for 24 hours or longer and reweighed. 
No change was observed. The results (Table II) show that the differences 
between the two procedures were small, but they were always in the direc. 
tion of a larger apparent water content by the oven drying procedure, 
Many investigators have reported a loss of non-aqueous material from tis- 
sue during oven drying. 

The reproducibility of the method for the determination of total lipides is 
shown by the results of duplicate analyses (starting at step (d)) of the same 
extract (Table III), and of analyses of two different extracts of the same 
brain tissue (Table IV). The differences among experiments in the con- 
centration of lipides are probably due in large part to differences in the 
ages of the rats. For example, the rats used in Experiments 53-10 and 


53-11 were old adults, whereas in Experiments 53-17 and 53-18 the ages 


were 75 to 69 days, respectively. 

In several experiments the method was compared with the procedure 
recommended by Folch et al. (2) for the extraction of brain lipides. An 
aliquot of the brain tissue was weighed from the syringe (cf. step (a)) into 
the tube of a small Potter-Elvehjem apparatus (5) and homogenized in 
about 5 ml. of chloroform-methanol (2:1). The fine suspension was trans- 
ferred quantitatively to a 25 ml. volumetric flask by the technique de- 
scribed in step (e) with the use of a suitably modified form of the apparatus 
shown in Fig. 2, C. From this point on, the procedure was the’same as 
that applied to the dry tissue samples after the addition of solvent at 
step (c). The results (Table V) show no significant differences between 
the two procedures. 


DISCUSSION 


The absence of appreciable sampling errors is shown by the close agree- 
ment between determinations of water (Table I) and lipides (Table IV) on 
duplicate samples from the same tissue preparation. These findings also 
suggest that no error resulted from the evaporation of water. These satis- 
factory results were made possible by the use of the tissue disintegrator 
(Fig. 1) which was devised because the types of apparatus in common use 
for the fragmentation of tissue are not readily adapted to analytical work. 
In most of them (e.g. the Potter-Elvehjem homogenizer (5), the Latapie 
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mill (6), and the Waring blendor) the necessary addition of a liquid during 
the disintegration requires that the sample of tissue be weighed before it is 
placed in the apparatus.® This introduces the danger of sampling errors, 
particularly in the analysis of brain tissue of which different structures 
vary widely in composition. The quantitative transfer of weighed samples 
of tissue into apparatus of the types named above also presents difficulties 
and potential sources of error. 

The close agreement with the results obtained with the Folch method 
proves that extraction was complete since Folch et al. (2) have demon- 
strated the virtual completeness of extraction of brain lipides with their 
procedure. It may seem surprising that this result was obtained in a 
single brief exposure of the dried tissue to the solvent at room temperature, 
as described in step (c). Apparently the previous treatment with acetone 
and the drying free the lipides so that they are rapidly and competely sol- 
uble in chloroform-methanol. 

Folch et al. (2) have also demonstrated the effectivness of their diffusion 
procedure for the removal of water-soluble impurities from lipide extracts. 
The modifications described in step (d) were introduced for technical rea- 
sons? and could not have affected the efficacy of the washing. 

At no point in the procedure are the lipides heated above 40°, and they 
are kept under inert gases or im vacuo as much as possible. That these 
measures are effective in reducing degradation to a minimum is suggested 
by the fact that the lipides remain almost colorless and that they dissolve 
completely in chloroform-methanol after the final weighing. This was not 
true, however, of lipides obtained in the Folch method; without exception 
a small amount was insoluble, usually in the form of a gelatinous material 
which adhered to the wall of the flask. 

The amount of lipides obtained in each weighed sample (approximately 
20 mg.) is sufficient for duplicate determinatious of total and free choles- 
terol, lipide phosphorus, phosphosphingoside phosphorus, choline, and gly- 
cosphingosides. The lipides may be made to volume in chloroform-metha- 
nol solution in the 5 ml. flask and suitable aliquots of this solution may be 
appropriately diluted for the various analyses, or the entire sample may 
first be transferred to a larger volumetric flask by the technique described 
instep (e). The other of the duplicate samples may be subjected to sapon- 
ification and used for the determination of unsaponifiable material and 
fatty acids. 

Although an analysis requires several days because of the time required 


‘In the apparatus of Shelesnyak and Biskind (7), the tissue is also forced past a 
piston in a cylinder, but the degree of disintegration cannot be controlled, as there is 
only one passage and there is no control of evaporation of water from the tissue which 
is collected in an open trough. 
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for drying to constant weight and for the washing, the actual working time 
is not great and the manipulations are simple to carry out. The satisfac. 
tory accuracy of which the method is capable is indicated by the results 
given in Tables I to V. 


The author is indebted to Dr. Jordi Folch for acquainting him with the 
merits of chloroform-methanol (2:1) for the extraction of brain lipides, 
and for making the procedure for washing of lipides available to him prior 
to publication. The author is also indebted to Dr. Leon Roizin for ex- 
tensive histological studies of the efficacy of the tissue disintegrator in 
fragmenting tissues. 


SUMMARY 


A method is described for the semimicro-, gravimetric determination of 
lipides in brain tissue; it is designed to avoid the errors which may result 
from non-representative sampling, evaporation of water during the disinte- 
gration of the tissue, incomplete extraction, the presence of non-lipide con- 
taminants, and oxidative degradation. | 

Water is also determined in the same sample of tissue from which the 
lipides are extracted. The procedure avoids the errors which result from 
drying tissue at high temperature. 

An apparatus is described for the disintegration of a tissue in a closed 
space without the addition of a liquid or any other substance. 
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FURTHER OBSERVATIONS ON THE ENDOCRINE 
REGULATION OF BLOOD AMINO ACIDS 


By A. CLARK GRIFFIN, J. MURRAY LUCK, VERA KULAKOFF, anp 
MARTHA MILLS 


(From the Department of Chemistry, Stanford University, Stanford, California) 
(Received for publication, February 12, 1954) 


Several hormones are capable of reducing the concentration of amino 
acids in the circulating blood. Insulin (1-7), pituitary somatotropin (8— 
16), and epinephrine (7, 17—18) are effective in this respect in man, rabbit, 
and the rat. Adrenocorticotropin (ACTH) has been shown to reduce the 
amino acid content of the blood in normal rabbits (19). 

In a recent paper (16), we reported that growth hormone, insulin, epi- 
nephrine, and certain preparations of ACTH were all effective in producing 
hypoaminoacidemia in the hypophysectomized rat as well as in the intact 
animal. These observations, we conclude, are not compatible with the 
hypothesis that the effects of insulin and epinephrine, in respect to the 
concentration of blood amino acids, are mediated through ACTH or any 
other pituitary factor. In so far as insulin and epinephrine are concerned, 
observations to date strongly suggest that insulin is only indirectly effec- 
tive in the sense that this insulin activity appears to depend upon secre- 
tion of epinephrine. In the adreno-demedullated rabbit, for example, 
insulin has no effect on the concentration of blood amino acids, while 
epinephrine does produce hypoaminoacidemia (20). 

All of this strongly suggests that, of the various hormones, epinephrine 
alone is the effector substance responsible for lowering of the blood amino 
acid content. If this is true, growth hormone, insulin, and related sub- 
stances that produce hypoaminoacidemia in intact animals should not 
lower the concentration of amino acids in the circulating blood of the ad- 
renalectomized animal. The present study was pursued in the hope of 
establishing this point and with a desire to continue the search for other 
substances involved in regulating the concentration of blood amino acids. 
Adrenocortical substances, possibly discharged by direct adrenomedullary 
stimulation (rather than through the pituitary), have not been adequately 
studied, but will be reported upon in a later investigation. 


EXPERIMENTAL 


All rats used in this study were of the Sprague-Dawley or Sprague- 
Dawley-Holtzman strain. The intact animals weighed approximately 200 
to 300 gm. Hypophysectomized and adrenalectomized rats, weighing ap- 
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proximately 150 to 200 gm., were purchased from the Hormone Assay 
Laboratories, Inc., Chicago, Illinois. All animals were maintained on a 
Purina laboratory chow ration and were given food and water ad libitum. 
The adrenalectomized rats were provided with physiological saline. The 
animals were fasted approximately 12 hours before use with the exception 
of the hypophysectomized rats to be given insulin. These animals could 
not withstand the long fast and the insulin treatment and were therefore 
fasted only 2 to 3 hours before use. 

Initial blood samples were collected from eight rats followed immediately 
by the injection of the test substance. Subsequent samples were collected 
1, 2, and 4 hours later. Duplicate samples of 0.1 ml. were obtained from 
the tip of the tail and the samples were immediately transferred to centri- 
fuge tubes containing 2 ml. of water and 3 ml. of 0.4 per cent perfluorooc- 
tanoic acid. After 30 minutes the precipitated proteins were removed by 
centrifugation; duplicate 4 ml. samples of the water-clear centrifugate were 
analyzed for amino acid nitrogen by the method of Frame, Russell, and 
Wilhelmi (21) as modified by Russell (22). 

Materials Used—Epinephrine, Parke, Davis and Wellcome preparations. 
l-Norepinephrine bitartrate, Eli Lilly and Company and the Sterling- 
Winthrop Research Institute. Growth hormone, beef pituitary growth 
hormone, lot No. 285-183, obtained from Armour and Company. Insulin, 
Sharp and Dohme and Eli Lilly and Company. Pituitary thyrotropin, 
lot No. R-317-147, obtained from Armour and Company. 

These hormone preparations were dissolved in distilled water or physio- 
logical saline and injected subcutaneously in the amounts indicated in 
Tables I to III. The volume injected per rat was from 0.5 to 2.0 ml. 

The blood amino acid levels following the administration of the various 
substances are expressed as percentages of the initial value. The results 
in Tables I to III are averages for all rats given the same hormone. Data 
for males and females are reported separately. The reason for employing 
this method of presentation of the data is thoroughly described in a recent 
publication from this laboratory (16). 


Results 


In a previous publication (16) it was noted that the average preinjection 
values of amino nitrogen per 100 ml. of blood were 13.9 and 13.4 mg. for 
normal male and female rats, respectively. Corresponding values for male 
and female hypophysectomized rats were 12.6 and 13.2 mg., respectively. 
In the present study we found that adrenalectomized male and female rats 
had 13.3 and 12.9 mg. of amino acid nitrogen per 100 ml. of blood. From 
Tables I, II, or III it may be observed that there was some slight decrease 
in the blood amino nitrogen after the initial determination in the non- 
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ireated animals. It appears probable that the taking of the initial blood 
amples or the injection of the drugs was sufficient stimulus for this low- 
aing. The: injection of saline, alone, did not produce any greater 
hypoaminoacidemia than was observed in animals without any previous 
injection. From the large numbers of animals studied, the average val- 
yes for the blood amino acid nitrogen content after 1, 2, and 4 hours were 
95 per cent or more of the initial value. This was true for the intact, hy- 
pophysectomized, and adrenalectomized rats. Values appreciably below 
95 per cent must be indicative of an actual lowering of the blood amino 


TABLE I 
Experiments with Normal Rats 

Blood amino N, per cent of preinjection value 

a Sex Substance injected per kilo body weight Time after injection 

1 hr. 2 hrs. 4 hrs. 

124|M.| No treatment or 0.14 m NaCl 99 (2.5)*| 96 (2.5) | 97.5 (4.1) 
99 (3.0) | 96 (2.9) | 97 (4.4) 
25| M.;| Epinephrine, 0.25 mg. 92 (2.5) | 87 (1.7) | 90 (3.5) 
23 F. 0.25 89 (2.6) | 83 (3.5) | 89 (2.7) 
21 M.| l-Norepinephrine bitartrate, 1 mg. | 96 (6.1) | 96 (5.0) |104 (3.5) 
21'F. 95 (2.1) | 92 (3.0) (3.9) 
13, M.| Growth hormone, 2.0 mg. per rat 94 (2.5) | 88 (38.5) | 92 (4.1) 
14 F. 94 (4.5) | 89 (4.0) | 87 (2.7) 
8 M.! Insulin, 0.1 unit 96 (3.0) | 97 (2.6) |102 (2.5) 
8 | 10 ‘ 92 (4.0) | 84 (6.0) | 86 (2.0) 
8 F. 2 ia * 86 (3.0) | 82 (1.1) | 95 (2.0) 
Pituitary thyrotropin, 2.0 mg. per rat 87 (2.8) | 88 (4.8) | 95 (3.2) 


* Average deviation from the mean. 


acid concentration and we believe that a lowering of 90 per cent, or below, 
of the initial value is highly significant. 

Intact Rats—From Table I it may be observed that the blood amino 
nitrogen decreased when normal intact rats were injected with epinephrine, 
growth hormone, insulin, or thyrotropin. The reductions brought about 


by these different substances were of approximately the same magnitude: 
90 per cent 1 hour after administration, 88 to 87 per cent after 2 hours, 
and usually a partial return to normal after 4 hours. As was observed 
previously (16), norepinephrine did not produce a hypoaminoacidemia 
even when administered at 4 times the level of epinephrine that results in 
a 15 per cent decrease in the blood amino nitrogen. 

Hypophysectomized Rats—The blood amino nitrogen of hypophysecto- 
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mized rats (Table II) was lowered by epinephrine, growth hormone, ingy- 
lin, and thyrotropin. The lowering after 1 hour was not large (91 to 95 
per cent of the preinjection value). After 2 hours the values were from 
82 to 90 per cent of the initial value. The final values after 4 hours were 
still approximately 85 per cent of the initial figure, indicating that the 
recovery mechanism for the blood amino nitrogen is slower in hypophy- 
sectomized than in normal rats. For reasons not immediately apparent, 
norepinephrine induced hypoaminoacidemia in the hypophysectomized rat. 
This was not observed in the normal animals. 


TABLE II 
Experiments with Hypophysectomized Rats 
Blood amino N, per cent of preinjection 
lue 
No. 
Sex Substance injected per kilo body weight Thue after 
1 hr. 2 hrs. 4 hrs. 
27 |M.! No treatment or 0.14 mu NaCl — 97 (8.2)* | 97 (4.1) | 96 (3.0) 
20.) (7.1) 97 (3.5) | 99 (3.3) 
20 M./| Epinephrine, 0.25 mg. — 94 (2.6) | 86 (2.3) | 85 (1.8) 
22 | F. os 0.25 < | 90 (3.6) | 85 (4.0) | 85 (3.7) 
9 | M.| l-Norepinephrine bitartrate, 1 mg. — 91 (4.8) 89 (6.6) | 85 (7.4) 
18 F. - st ee | 93 (4.0) | 89 (3.0) | 91 (3.2) 
11 | M. Growth hormone, 1 mg. per rat | 91 (7.0) | 86 (7.0) | 84 (9.5) 
18 | F. 95 (4.2) | 89 (4.9) | 84 (4.5) 
11 M. | Insulin, 1 unit | 91 (2.2) | 82 (2.5) | 84 (7.5) 
11 $F. | 95 (4.7) | 90 (4.1) | 89 (0) 
4 |M.} Pituitary thyrotropin, 2 mg. per rat | 91 (2.1) | 88 (2.2) | 81 (1.6) 
5 F. | 92 (3.5) | 85 (2.6) | 81 @.1) 


* Average deviation from the mean. 


Adrenalectomized Rats—A lowering of the blood amino nitrogen content 
was observed when adrenalectomized rats were given epinephrine (Table 
III). The extent of lowering was of the same magnitude as that observed 
in hypophysectomized and intact animals. The hypoaminoacidemia was 
greatest 1 and 2 hours after administration of the hormone (approximately 
85 per cent of the preinjection value). After 4 hours the blood amino ni- 
trogen content had been partially restored to the normal level. Neither 
insulin nor growth hormone lowered the blood amino acid content of ad- 
renalectomized rats to any appreciable extent. Values for insulin were 
94, 93, and 103 per cent of the preinjection values 1, 2, and 4 hours after 
the hormone injection. Comparable values were also noted for growth 
hormone (Table III). Of interest was the apparent effect of pituitary 
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thyrotropin on the blood amino acid content of adrenalectomized rats. 
The average values were 92, 86, and 93 per cent of normal 1, 2, and 4 hours, 
respectively, after the subcutaneous administration of this hormone. This 
game preparation was also effective in producing hypoaminoacidemia in 
normal and hypophysectomized rats. 

Norepinephrine, desoxycorticosterone acetate, cortisone, corticosterone, 
testosterone, diethylstilbestrol, and 11-desoxy-17-hydroxycorticosterone 
were without effect on the blood amino acid content of adrenalectomized 


rats. 


TaBLeE III 
Experiments with Adrenalectomized Rats 
Blood amino N, per cent of preinjection 
value 
No. 
FA Sex Substance injected per kilo body weight Time after injection 
1 hr. 2 hrs. 4 brs. 
ll} M. No treatment 96 (2.7)*| 97 (3.8) |101 (3.7) 
12| F. " - 96 (1.9) | 95 (2.8) | 95 (4.9) 
ll; M. Epinephrine, 0.25 mg. 87 (3.2) | 86 (2.6) | 95 (5.1) 
8| F. - 0.25 <‘‘ 88 (2.6) | 82 (2.7) | 84 (3.1) 
6| M. + F.| l-Norepinephrine bitartrate, 1 mg. | 96 (3.2) | 96 (3.2) | 97 (2.0) 
25) * Growth hormone, 2.0 mg. per rat | 96 (2.6) | 94 (3.0) | 95 (2.9) 
21! F. 20 | 95 (3.5) | 91 (4.1) | 92 (2.8) 
5; M. Insulin, 1.0 unit 93 (4.6) | 91 (1) {104 (8.1) 
8| F. “ 10 ‘ 95 (3.9) | 96 (2.4) |102 (2.1) 
13; M. Pituitary thyrotropin, 2.0 mg. per | 92 (2.5) | 89 (2.8) | 96 (4.2) 
rat 

8| F. 5 ™ 91 (2.5) | 84 (2.5) | 91 (8.0) 


* Average deviation from the mean. 


DISCUSSION 


From the results obtained thus far we may conclude that epinephrine is 
one of the final effector substances in lowering the concentration of blood 
amino acids. Epinephrine was equally effective in adrenalectomized, hy- 
pophysectomized, and intact rats. Growth hormone and insulin, both 
recognized as blood amino acid-lowering factors in the intact rat, were 
equally effective in the hypophysectomized rats. However, these hor- 
mones were without effect in adrenalectomized rats. At this time these 
findings may be interpreted to mean that pituitary factors are not final 
eflectors in lowering the concentration of blood amino acids. Further, 
we must assume that adrenal function, probably epinephrine, is directly 
involved. These findings rule out the possibility that epinephrine medi- 
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ates this hypoaminoacidemia by stimulating the output of ACTH or other 
pituitary factors which in turn might be assumed to lower the blood amino 
acid content. 

It would be of interest to know the mechanisms by which epinephrine 
actually lowers the blood amino acid content. The hormone may act 
directly on the proteolytic enzymes of tissues or it may act directly on 
other glands of internal secretion. The observation that pituitary thyro- 
tropin lowers the blood amino acid in intact, hypophysectomized, and 
adrenalectomized rats would suggest that thyroid function may be directly 
involved in the control of this important function. In studies to be carried 
out in the immediate future, growth hormone, insulin, epinephrine, and 
other hormones will be administered to thyroidectomized rats to ascertain 
the possible réle of this gland in the regulation of the blood amino acid 
content. 

The concentration of the blood amino acids appears to be even more 
closely controlled than the blood glucose. Mechanisms for increasing as 
well as lowering the concentration of this fraction must be present in the 
animal. The blood amino acid nitrogen content of both intact and ad- 
renalectomized rats responds quickly to epinephrine; however, after 4 hours 
the blood amino acid content is increasing. Further studies are required 
before we can fully establish the complete depletion and recovery curves 
following administration of these hormones. There is evidence, however, 
that in the hypophysectomized rats the base level is lower than in the 
normal rat (16). Similar observations have been reported by Li, Gesch- 
wind, and Evans (8). In addition, the hypophysectomized rats respond 
somewhat more slowly to epinephrine and other factors than intact rats. 
Recovery from hypoaminoacidemia in hypophysectomized rats also ap- 
pears to be delayed, indicating that the pituitary may have a réle in the 
maintenance and recovery of this amino acid fraction. We do not have 
any explanation for the observation that norepinephrine produced a hy- 
poaminoacidemia in the hypophysectomized rats but was without effect 
in the normal and adrenalectomized animals. Further information con- 
cerning the maintenance and regulation of the blood amino acid content 
is essential because of the direct involvement of the amino acids in growth, 
protein synthesis, and in energy metabolism. 


SUMMARY 


1. Treatment of normal or hypophysectomized rats with epinephrine, 
growth hormone, or insulin resulted in a lowering of the blood amino ni- 
trogen. 

2. Growth hormone and insulin did not lower the blood amino nitrogen 
of adrenalectomized rats to any appreciable extent. Epinephrine did bring 
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about a reduction which would indicate that this hormone is one of the 
fnal effector substances in producing hypoaminoacidemia. 

3. The administration of pituitary thyrotropin to hypophysectomized or 
adrenalectomized rats reduced the blood amino nitrogen content. From 
these findings, we may imply that thyroid function may also be involved 
in the control of the blood amino acid level. 


We are greatly indebted for the /-norepinephrine used in this investiga- 
tion to the Sterling-Winthrop Research Institute and Eli Lilly and Com- 
pany, for growth hormone and thyrotropin to the Armour Laboratories, 
and for various adrenocortical steroids to The Glidden Company, Merck 
and Company, Inc., G. D. Searle and Company, and The Upjohn Com- 


pany. 
The research was carried out with the support of a grant-in-aid from the 


United States Public Health Service (grant No. A-312). 
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AMINO ACID CONCENTRATION BY A FREE CELL NEOPLASM. 
STRUCTURAL INFLUENCES* 


By THOMAS R. RIGGS, BARBARA A. COYNE, anv HALVOR N. 
CHRISTENSEN 


(From the Department of Biochemistry and Nutrition, Tufts College Medical School, 
Boston, Massachusetts) 


(Received for publication, January 4, 1954) 


The process by which cells transfer amino acids into their interiors 
against concentration gradients is by no means limited to the naturally 
occurring amino acids; in fact the activity is considerably greater for some 
substances not known to occur in proteins (2, 3). In the series of homolo- 
gous straight chain diamino acids a striking maximum in accumulation by 
the Ehrlich mouse ascites carcinoma cell has been observed with the 2,4- 
diamino acid; the 2,3 acid does not fall far behind. For ornithine and 
lysine the activity is very much weaker. Two explanations have been 
considered for the strong concentration of the 2 ,3- and 2,4-diamino acids. 
(1) That the distance between the amino groups is optimal for the forma- 
tion of stable five- and six-membered rings with an atom of the “carrier” 
which presumably is involved in active amino acid transfer. (2) That 
the important effect of the distal amino group is to lower the pK’ of the 
a-amino group, to favor its combination with the carrier. If it is the un- 
charged a-amino group by which the amino acid combines with the carrier, 
the lower the pK of this group the greater would be the stability anticipated 
for the derivative. This should apply, for example, to pyridoxylidene de- 
rivatives (4). 

In the present study, the importance of the distance between the a- 
amino group and another nitrogenous group has been verified by further 
examples. Two amino acids showing strong uptake, presumably because 
of the presence of a second nitrogenous group, namely a,y-diaminobutyric 
acid and tryptophan, have been studied in detail and their accumulation 
shown to resemble in almost all respects that of glycine. Advantage has 
also been taken of the favorable effect of a second nitrogenous group to 
introduce structures which absorb light in the ultraviolet or the visible 
range with the hope that the concentration process might be microscopi- 
cally visualized. 

* This investigation was supported in part by a grant (No. C-1268) from the 
National Cancer Institute, National Institutes of Health, United States Public 


Health Service, and by a grant from the Abbott Laboratories. A preliminary report 
of part of the work has been published (1). 
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The ring formation suggested in the active transport of diamino acid 
conceivably could occur by coordination with a metal. Participation g 
metals is also suggested by the finding that pyridoxal takes part in amino 
acid transfer (4), together with the indications obtained by Metzler and 
Snell (5) that iron and aluminum serve to stabilize the pyridoxylidene de. 
rivatives of the amino acids. Finally there is the association betwee 
deranged copper metabolism (6, 7) and disturbed amino acid distribution 
in Wilson’s disease. Accordingly evidence has been sought, particularly 
by the study of chelating agents, for the participation of a metallic ion jn 
the transfer process. No indications of this nature were obtained. 

Finally, the second possible explanation of the strong accumulation of 
certain diamino acids has been rather inadequately tested by the synthesis 
of B-chloro-L-alanine. The pK’ of the amino group was lowered to 82 
by introduction of the chlorine atom. Not better, but poorer, accumul- 
tion was obtained for this substance, but the result was probably associated 
with its degradation rather than due to the shift of the pK. 


EXPERIMENTAL 


Procedures for collecting, incubating, and extracting the tumor cells and 
for analyzing for water, glycine, arginine, sodium, potassium, and chloride 
have been described elsewhere (8, 9, 2). A brief acid hydrolysis was used 
to convert acetylglycine and glycinamide to glycine for analysis. Tryp- 
tophan and other indolyl compounds were determined by the method of 
Bates (10) applied to water extracts deproteinized by holding at 100° at 
pH 5 for 10 minutes (referred to here as hot water extracts). a ,y-Diamino- 
butyric acid and other aliphatic diamino acids were estimated either as 
described before (2) or by applying the colorimetric procedure of Moore 
‘and Stein (11) to the precipitate by phosphotungstic acid, and correcting 
for the relatively small amount of color given by parallel control prepara- 
' tions. p-Aminobenzoic acid, anthranilic acid, and m-aminophenylglycine 
were determined on hot water extracts by the Bratton and Marshall 
method (12). The pyridyl amino acids, the derivatives of phenylglycine, 
and other aromatic substances were determined by observing the light 
absorption of hot water extracts at favorable wave-lengths. 8-Chloro- 
alanine was determined by measuring the organic chlorine present in 0.75 
N nitric acid extracts; that is, the chlorine released upon heating the ex- 
tract in a sealed tube with nitric acid and silver nitrate at 130° for 3 hours. 


Results 


Is Transport of Diaminobutyric Acid and Tryptophan into Cells Active? 
—The extreme avidity of the cells for the cationic diaminobutyric acid 
conceivably might have an origin quite different from the accumulation of 
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the neutral amino acids. The activity, however, proved to be highly tem- 
perature-sensitive, as was that for tryptophan (Fig. 1). Furthermore the 
accumulation of these amino acids was readily inhibited by 2 ,4-dinitro- 
phenol, by cyanide, by Versene, and by the presence of other amino acids 
(Table I). Exposing the cells first to clupeine for 20 minutes practically 
abolished the uptake of diaminobutyric acid (Table I). Clupeine itself 
came to be associated with the cells, either upon their surface or interior, as 
shown by the intense color given by cellular extracts with the Sakaguchi 
reaction. a-Amino acid determinations (13) after acid hydrolysis of cel- 
lular extracts confirmed this conclusion (see TableIV).! The cell boundary 


© L -%,¥ -OIAMINOBUTYRATE 
x L- TRYPTOPHAN 


RELATIVE DISTRIBUTION RATIO 


TEMPERATURE, °C 


Fic. 1. Temperature sensitivity of the concentration of a,y-diaminobutyric acid 
and tryptophan. The distribution ratio at 37.5° has been taken as 100 per cent, and 
ratios at other temperatures are given a relative basis. 


Te) 


as observed under phase-contrast microscopy appeared to become greatly 
sharpened upon the addition of clupeine. The accumulation of glycine 
was also strongly inhibited by low levels of clupeine (Table IT). 

In the rat, a,y-diaminobutyric acid had a strong neurotoxic action. A 
dose of 7 mm per kilo subcutaneously resulted in preconvulsive and con- 
vulsive behavior and death. Injection of 2 mm per kilo for 7 days led to 
little change in behavior, but upon section of the central nervous system 
the following changes were reported by Dr. G. F. Meissner of the Depart- 
ment of Pathology of this School: ‘“The ganglion cells of the cerebellum and 
cerebral cortex showed focal degenerative changes. These cells appeared 
shrunken and pyknotic. This change was particularly conspicuous in the 
Purkinje cells of the cerebellum.” 


'Dr. Herbert Fischer, University of Frankfurt, who was associated with this 
experiment, is continuing the study of the possible entrance of protamines into cells. 
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Inhibition of Uptake of t-a,y-Diaminobutyric Acid and Tryptophan 
The extracellular phase was Krebs’ Ringer-bicarbonate. 


Amino acid Inhibitor distri 
No. level = 

mM per I. 

118 Diaminobutyric 15 Clupeine, 0.5%t 3 
157 ” 21.8 | 2,4-Dinitrophenol, 1 mm B 
176 27.1 17 
161 ” 21.8 | NaCN, 5 mm 14 
137 ” 25 Tryptophan, 25 mm 64 
160 Tryptophan 10 NaCN, 5 mm 35 
160 ~ 10 2,4-Dinitrophenol, 1 mm 37 
137 3 5 L-Diaminobutyrate, 25 mm (5 n)f 65 
137 ce 25 25 (1 93 
137 50 25 (0.5 n) 116 
133 - 10 Glycine, 50 mm (5 n) 19 
139 “5 7.3 ” 36.4 mm (5 n) 3 
139 me 7.3 - 7.3 mM (1 n) 55 
139 36.4 36.4 mM (1 n) 81 


* Cellular concentration versus extracellular concentration; value in absence of 

the inhibitor taken as 100. 
t Cells pretreated 20 minutes with clupeine; solution then removed. 
tn = the initial extracellular concentration of tryptophan. 


TABLE II 


Inhibition of Glycine Accumulation by Clupeine 
Extracellular fluid, Krebs’ Ringer-bicarbonate solution (KRB) containing ini- 
tially 15 mM per liter of glycine. 


Relative dis- 
Experiment No. Clupeine treatment tribution ratio 
for glycine® 
119 Pretreated 20 min. with clupeine, 0.1%, in glycine-free 48 
KRB 
118 Pretreated 20 min. with clupeine, 0.5%, in glycine-free 22 
KRB 
121 Pretreated 14 min. with clupeine, 0.1%, in glycine-free 43 
KRB 
119 Pretreated 14 min. witn clupeine, 0.5%, in glycine-free 51 
KRB 
119 0.1% clupeine present during incubation with glycine 44 


* Value = 100 in the absence of the inhibitor. 
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The D isomer? of diaminobutyric acid was more weakly accumulated than 
the u form; for example, in one instance after 2 hours of incubation with 
the p form the cellular level was only 52 mm and the extracellular 26 mm 
3). 
, In all of the preceding experiments the behavior of a ,y-diaminobutyric 
acid, and that of tryptophan as well, was very like that of the commonly 
occurring amino acids, except for the extremely active uptake with di- 
aminobutyric acid. 

Further Observations on Tryptophan Accumulation—In comparison with 
other amino acids of similar molecular size (2), tryptophan is strongly ac- 


100 


@ 


oO 


mM/KILO WATER 
© oO 


CELLULAR TRYPTOPHAN 


10 20 30 40 50 60 
EXTRACELLULAR iL TRYPTOPHAN 
mM/KILO WATER 
Fic. 2. Relationship between the extracellular and cellular concentrations of 
tryptophan at an approximately steady state. Krebs’ Ringer-bicarbonate medium 
in which tryptophan replaced part of the sodium chloride isosmotically. 'Tempera- 
ture 37°; time 2 to 4 hours. 


cumulated, gradients of 30 to 40 mm between the cell interior and exterior 
being observed. Fig. 2 represents a study of the relation between the 
extracellular and cellular levels after 2 to 4 hours of incubation. This is 
very similar to the curve recorded earlier for glycine (9). We have hoped 
to see whether crystallization within the cell might be produced if a cell 
concentrated an amino acid beyond the limit of its solubility in the cell 
fuid. Such a result would bear upon the state of the amino acid within 
the cells and possibly also upon the etiology of cystinosis. The solubility 
of tryptophan in a salt solution simulating the cell fluid was about 65 to 
75 mm at 37°. Levels distinctly higher than this were not found for the 
cells, nor were crystals observed under the microscope. 

bL-Tryptophan was more weakly accumulated than the tL form (Table 


*Gift of Dr. Jesse Greenstein, National Institutes of Health. 
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III). The absence of the primary amino group (as exemplified by indole. 
propionic acid and two homologues) largely prevented entrance into the 
cells; the absence of the carboxy] group, as illustrated by tryptamine, caused 
a more moderate decrease in the accumulation. The presence of a methy! 
group on the indole nitrogen was also unfavorable. Similar indications of 
the necessity of the amino and carboxy] groups were indicated by the absent 
or slight concentration of glycinamide and N-acetylglycine (Table IV), 
A number of diamines, aminobenzoates, and pyridine carboxylates, also 
quinoline, failed to show distributional asymmetries approaching those 
of the amino acids (Table IV). From these results a combination of an 


TaBLeE III 
Uptake of Substances Related to Tryptophan 

Experiment Relative 
No. pound Distribution ratio — 
143 L-Tryptophan 10.9/1.72 = 6.34 100* 
143 pL-Tryptophan 9.03/1.76 = 5.13 81* 
143 N-Methylindolyl-pi-alanine 7.69/2.30 = 3.34 
143 Tryptamine HCl  -9.86/2.10 = 4.69 74* 
148 65/30 = 2.2 | 
155 109/54 = 2.0 | 
143 B-(Indole-3)-propionate  2.05/3.40 = 0.60 | 9* 
136 Indole-3-acetate  3.00/10.4 = 0.29 | 
145 | y-(Indole-3)-butyrate 1.87/4.79 = 0.39 
144 | N-Acetyl-pL-tryptophan 1.57/6.47 = 0.24 


* Compared to L-tryptophan. 
t Compared to pui-tryptophan. 


. aromatic amino group and a carboxyl group in 1,2 or 1,3 relation is seen 
not to meet the requirements for concentrative activity; the failure here 
may be a consequence of the low pK of the amino group, or may be steric 
in origin. On the other hand the second nitrogenous group is stimulating, 
even if it is on, or in, an aromatic ring (see below). The necessity of a 
carboxyl group adjoining the first amino group for characteristic accumula- 
tion is also emphasized. In taurine a sulfonic acid group appears to re- 
place the carboxyl group satisfactorily (14); accumulation of B-alanine and 
taurine indicates that the two groups need not be on the same carbon (14). 
The amino acid, pit-kynurenine, was concentrated about as strongly as 
pL-tryptophan (Table IV). 

Study of Other Amino Acids Having Second Nitrogenous Group Near 
a-Amino Group—The series 8-(2-pyridyl)alanine,? 8-(3-pyridyl)alanine,’ 


8 Gift of Dr. Carl Niemann, California Institute of Technology. 
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and 6-(3-pyridyl)-a-aminobutyric acid’ showed clearly the advantage of 
having 3 carbons rather than 4 carbons between the nitrogen atoms (Table 
V). The activity for 3-pyridylalanine and for 2-pyridyl-a-aminobutyric 
acid was almost exactly the same, indicating that the spacing rather than 


TaBLeE IV 
Concentration of Various Substances by Carcinoma Cells 
Suspensions of 1 part of cells in 5 to 7 parts of Krebs’ Ringer-bicarbonate, incu- 
bated 1 to3 hours. The glycine derivatives were split to the following extent during 
incubation: Experiment 151, 11 per cent; Experiment 117, 7 per cent; Experiment 
150, 17 per cent; Experiment 149, 7 per cent; Experiment 144, 43 per cent. 


Substance Distribution ratio 
suspension 
ma per 
118 Clupeine sulfate* (2%) 149¢/64.5¢ = 2.3 
127 a-Methyl-p.-glutamatef 10 0.5/12.0 = 0.04 
132 DL-a, y-Diaminoglutarate 5 8.0/5.6 = 1.4 
151 Glycinamide 60 88/50 = 1.8 
117 ” 30 21.4/31.9 = 0.67 
150 ss 10 11.2/8.0 = 1.4 
149 Acetylglycine 10 6.9/12.4 = 0.56 
144 2 5 3.7/2.88 = 1.28 
141 pL-Kynurenine 10 28.4/7.2 = 3.94 
142 4 5 18.1/2.72 = 6.65 
145 Sodium kynurenate 5 1.23/5.04 = 0.24 
147 Quinoline 5 8.11/3.88 = 2.1 
179 Sodium p-aminobenzoate 10 §.88/13.2 = 0.45 
anthranilate 10 2.91/7.44 = 0.39 
 nicotinate 10 8.78/17.6 = 0.50 
picolinate 10 10.1/21.0 = 0.48 
218 8-Chloro-t-alanine 10 5.5/5.3 = 1.04 
™ 27.7 21/20 = 1.05 


* Gift of Dr. Herbert Fischer, University of Frankfurt. 
t After acid hydrolysis, as millimoles of carbon dioxide released by ninhydrin. 
{ Gift of Dr. Karl Pfister, Merck and Company, Inc. 


the position of the side chain on the pyridine ring was the critical feature. 
These substances were all used in the pt form. Comparison with the phen- 
ylalanine shows that the nitrogen in the ring greatly increased the concen- 
tration obtained. | 

A similar effect was obtained by introducing an amino group on the ben- 
zene ring of phenylglycine. m-Aminophenylglycine, obtained by direct 
nitration of DL-a-phenylglycine, followed by reduction (15), was concen- 


‘Gift of Professor J. H. Burckhalter, University of Kansas. 
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trated much more strongly than was phenylalanine or phenylglycine. 
p-Aminophenylglycine was concentrated to almost the same degree (Table 
V). These two isomers resemble ornithine and lysine as to the separation 
of the two amino groups. o-Aminophenylglycine, on the other hand, cor. 
responds to a,y-diaminobutyric acid, and probably would show much 
stronger accumulation, especially in the u form. p-Aminophenylglycine 
was prepared from phenacylamine by way of phenylthioglyoxaline, phenyl- 


TABLE V 
Concentrative Uptake of Aromatic Amino Acids 


The ratio given is for the cellular concentration divided by the extracellular, 
both in millimoles per kilo of water. 


Substance to" | Final distribution ratio 
No. suspension 
mu per | 
148 | 2-Pyridyl-pu-alanine 10  37.4/6.56 = 5.70 
178 - 10 31.3/9.88 = 3.17 
3-Pyridyl-pi-alanine 10 25.5/13.1 = 1.95 
231 2-Pyridyl-p.-alanine 10 39.7/5.78 = 6.87 
3-Pyridyl-p.L-alanine 10 30.8/9.04 = 3.41 
y-(2-Pyridyl])-pL-a@-aminobutyrate 10 33.3/9.36 = 3.56 
174 | m-Nitro-pL-phenylglycine 10 22.3/8.82 = 2.53 
ss 5 10.4/4.0 = 2.60 
190 | 3’-Amino-L-tyrosine 10 34.8/3.96 = 8.79 
151 | m-Amino-pL-phenylglycine 40 74.9/37.4 = 2.00 
264 | p-Amino-pL-phenylglycine 10 31.5/10.2 = 3.09 
m-Amino-DL-phenylglycine 10 29.0/10.5 = 2.76 
190 | Saturated 4.24/0.84 = 5.05 
y-(Aminonitroanilino) -L-a-aminobu- 4.06/0.65 = 6.25 
tyric (A) 
200 | y-(Aminonitroanilino) -L-a-aminobu- 7.2 9.3/5.2 = 1.8 
tyric (B) 


glyoxaline, 4-p-nitrophenylglyoxaline, 5-nitro(4-p-nitrophenyl)glyoxaline, 
and the corresponding diamino compound (16). 4-o-Nitrophenylglyoxaline 
(16) was obtained in the same sequence and nitrated to 5-nitro (4-o-nitro- 
phenyl)glyoxaline, which was recrystallized from hot water. With slow 
heating this melted poorly, beginning at 180°, uncorrected. Complete 
and instantaneous melting occurred with very rapid heating at about 184”. 
The reduction product with chlorostannous acid at room temperature crys- 
tallized as the chlorostannate; the product on removal of tin crystallized 
readily from absolute ethanol. In contrast to the 5-amino(4-p-aminophen- 
yl)glyoxaline, this product failed to yield an a-amino acid upon acid hy- 
drolysis at 170°. A ring closure of the reduction product, analogous to the 
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Fischer indole synthesis, seems likely. Other courses toward the prepara- 
tion of o-aminophenylglycine are under examination. 

These aromatic compounds have interested us because of their high ab- 
sorption in the ultraviolet region, leading to the hope that their movement 
into the cell could be visualized microscopically. This calls for a combina- 
tion of strong accumulation and a high extinction coefficient at a wave- 
length at which the cells themselves show little absorption, preferably 
above 310 mu. Fig. 3 represents the absorption of a tumor cell suspension 
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Fic. 3. Optical density of carcinoma cell suspension at various wave-lengths. 
Beckman spectrophotometer; an approximately 1 per cent suspension; preparation 
freed of erythrocytes by brief osmotic shock. 


(freed of erythrocytes by brief osmotic shock) as observed by the Beckman 
spectrophotometer. 

Absorption maxima of the more promising substances considered so far 
were about as follows: 2-pyridylalanine, 261 my; m-aminophenylglycine, 
288 my; and tryptophan, 279 my. In tumor cells the absorption was too 
high and too variable in the region of these values to permit observation of 
the uptake of these amino acids by the Land model II color-translating 
microscope (17, 18).5 The following compounds were prepared to examine 
further the possibility of visualizing the concentration process: (1) the prod- 
ucts of the reaction of diazotized 3-aminopyridine and diazotized p-nitro- 
aniline with m-aminophenylglycine. These orange-red products were not 
characterized, being obviously too insoluble for use. (2) 6-(2,4-Dinitro- 


7 For access to this instrument we are indebted to the Polaroid Corporation and a 
scientific committee which has made recommendations concerning its use. 
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anilino)-L-alanine and y-(2 ,4-dinitroanilino)-L-a-aminobutyric acid, by the 
action of 2,4-dinitrofluorobenzene on the copper salts of a, -diamino- 
propionic acid and a,y-diaminobutyric acid, respectively, as described by 
Sanger (19) for the corresponding derivatives of ornithine. Interestingly, 
the copper salts of these two amino acids reacted as if the distal amino 
group were free, although the results of Albert have indicated that thei 
copper salts probably involved principally the two amino groups, rather 
than the a-amino and carboxyl groups (20). (3) The reduction products 
of these substances by ammonium sulfide. In each case two isomeric 
Q-(aminonitroanilino)-a-amino acids were isolated by fractional crystalli- 
zation: A, the less soluble and more abundant, forming brown crystals and 


OPTICAL DENSITY 


WAVELENGTH IN MILLIMICRONS 


Fic. 4. Absorption of positional isomers of y-(aminonitroanilino) -L-a-aminobuty- 
ric acid at various wave-lengths. The letters A and B correspond to the terminology 
of the text. 


- yellow solutions; and B, the more soluble, forming deep red crystals and 
intensely red solutions. The two isomeric derivatives of butyric acid were 
readily separated also by chromatography on paper with the solvent sys- 
tem 1:1 lutidine and collidine, both water-saturated. The retardation 
factor for the A isomer was 0.54, for the B isomer, 0.39. In view of the 
poor value of melting points in characterizing amino acids, these dinitro 
and mononitro derivatives were characterized by their absorption spectra 
(Fig. 4). Which nitro group had been reduced in each case was not deter- 
mined. The red (B) amino acid derivative of butyric acid upon titration 
with the glass electrode showed pK’ values of 2.2 (approximate), 4.1, and 
9.1. The middle value undoubtedly was due to the aromatic amino group. 

The solubilities of the dinitropheny] derivatives of the diamino acids and 
of their brown aminonitrophenyl derivatives were rather low for the in- 
tended purpose. Nevertheless the +(-dinitroanilino)-a-aminobutyric acid 
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was tested; the neoplastic cells were a distinct, uniform yellow color at a 
magnification of 970 times after 2 hours of incubation with a saturated 
solution of this amino acid in Krebs’ bicarbonate medium. During this 
experiment an excess of the amino acid was present in the medium in the 
form of microscopic crystals. This result is not considered very satisfac- 
tory because of uncertainty as to the state of the colored amino acid inside 
the cell, considering that the depth of color corresponded to concentrations 
far above the limit of solubility. The solubility of the red y-(aminonitro- 
anilino)-a-aminobutyric acid (B) was adequate; saturated aqueous solu- 
tions appeared to be opaque, not unlike a sample of blood in redness. The 
tumor cells accumulated this substance enough to appear deeper in color 
than erythrocytes present in the same field, and here again the coloration 
was uniform and not localized in any special part of the cell. Direct 
analysis in a separate experiment showed that the levels were disappoint- 
ingly less than twice as great inside the cells as outside. Study of this and 
other nitrophenylamino acids indicated a shortcoming of the nitro group as 
an auxochrome, namely, the danger of inhibition of the concentration 
process in its presence; the strong inhibition by 2,4-dinitrophenol is re- 
called (9). 

Possible Participation of Metal in Amino Acid Transfer—Such chelating 
agents as 8-hydroxyquinoline (1 mm) or a,a’-dipyridyl (2 mm) were without 
inhibitory effect on the concentration of glycine from a 2 mm solution. 
Versene (the disodium salt of ethylenediaminetetraacetic acid) was dis- 
tinctly inhibitory to the concentration of glycine (Fig. 5), of a, y-diamino- 
butyric acid, and of tryptophan. For example, 5 mm Versene decreased 
the distribution ratio reached starting with a 25 mm solution of diamino- 
butyric acid to 58 per cent of its uninhibited value; 10 mm Versene, to 51 
per cent. 10 mm Versene decreased the concentration of tryptophan (10 
ma) to 70 per cent of its control value. 

The inhibitory effect of Versene on glycine accumulation was completely 
released by calcium, magnesium, strontium, copper, or nickel, 1.1 mm of 
which were added per millimole of Versene (Table VI). Zinc produced a 
partial release of inhibition, but cobalt and barium were ineffective in this 
respect. Cobalt or strontium alone at about 1 mm was without significant 
effect on the transfer process. Copper by itself was inhibitory in the range 
0.005 to 1 mm. Cobalt or nickel at 9 mm largely eliminated the concentra- 
tion of a y-diaminobutyric acid. The addition of either ferric, aluminum, 
manganous, cupric, or cobalt salts at 0.1 mm levels along with 1 mm pyri- 
failed to give stronger concentration of glycine than with pyridoxal 

one. 

Versene is itself an amino acid analogue, and its inhibitory effect may be 
due to a competition for a non-metallic acceptor quite as well as for a metal. 
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The disappearance of the inhibition when a metal is added does not imply 
direct participation by the metal in the amino acid transfer process, but 
only that the metal has changed Versene to a less inhibitory form. The 
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Fig. 5. Decreasing inhibition of the concentration of glycine by 10 mm Versene 
as the glycine level is raised. 


( 
TaBLeE VI 
Reversal of Versene Inhibition by Metallic Ions I 
Glycine was at 2 mm, Versene at 1 mM, and the metal at 1.1 mm per liter. 
Experiment No. Metal Relative distribution ratio § 
124 None 48 ) 
Cat+ 106 
Mg** 91 é 
Cot* 54 
126 None 71 t 
Srt* 92 
129 None 64 
| Batt 68 

Zn*+ 79 
Cut** 98 
Nit* 102 c 
I 
inhibitory effect of a given level of Versene was rapidly decreased by in- 
creasing the level of glycine; the degree of inhibition depended upon the ; 
ratio of the Versene to the glycine level (Fig. 5). This provides no evi- 
dence for the nature of the group for which the two may be competing. A ; 

significant fact, however, is that the affinity of the two for the acceptor 18 
of a similar order. Considering the inferior binding of metals by an amino ‘ 


acid, this could argue against a metallic nature. Furthermore, if the 


/ersene 


ratio 
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superior accumulation of a, y-diaminobutyric acid were due to the greater 
stability of a metal-chelation product formed by it, then the accumulation 
of this amino acid should be more resistant to inhibition by Versene. The 
results cited above in the text show that the diamino acid, on the contrary, 
was more sensitive to inhibition by Versene. 

Further evidence against the involvement of a metal in the “carrier” 
for amino acid transport was obtained by study of two derivatives® of 
ethylenediamine related to the tetraacetic acid derivative, namely N ,N’- 
dimethylethylenediaminediacetic acid and hydroxyethylaminediacetic acid. 
In these compounds the glycine structure can be traced in two rather than 
four ways, but the compounds retain considerable metal-binding proper- 
ties. At 10 mm they were without significant effect upon the concentration 
process for glycine at 2 mm. 

Attempts to study the action of iminodiacetic® acid and sarcosine were 
unsuccessful because of the extensive production of formaldehyde by their 
reaction with ninhydrin in the glycine determination. 

Lowering of pK' of a-Amino Group—aAlbert has reported that the pK’ 
of the a-amino group of a,y-diaminobutyric acid is 8.24 and that of a,f- 
diaminopropionic is 6.69 (20). The possibility that pyridoxylidene deriva- 
tives were formed during accumulation (4) led to the idea that a lower 
pK should result in more stable derivatives of this character; the pK of 
diaminobutyric acid might represent an optimum for formation and dis- 
sociation of the amino acid-carrier complex. Introduction of an electron- 
attracting group which has no hydrogen ion dissociation of its own might 
in this case increase the concentration of an amino acid. Accordingly, 
8-chloro-L-alanine was prepared from L-serine (21). Titration by the glass 
electrode gave pK’ values of 1.8 (carboxyl group) and 8.2 (amino group) 
at 25° and ionic strength 0.05 and 0.1 respectively. Upon incubation with 
this amino acid, the tumor cells swelled strongly, leading us to anticipate 
strong accumulation. Instead organic chlorine was only slightly higher 
inside the cells than outside; the amino acid was scarcely concentrated at 
all (Table IV). Two observations indicate that this result was not due 
simply to the lowered pK’ of the amino group; first, 37 per cent of the 
chlorine of the amino acid was released as inorganic chloride in 2 hours of 
incubation with the tumor cells; second, #-chloroalanine was a much 
stronger inhibitor of the concentration of glycine (Table VII) than was ala- 
nine or other similar amino acids (2). Accordingly the poor accumulation 
of 6-chloroalanine is attributed to its partial degradation by the cell sus- 
pension rather than to its physical properties. This amino acid is under 


further study. 


. We are indebted to Dr. Albert E. Frost and Dr. John J. Singer of the Bersworth 
Chemical Company, Framingham, Massachusetts, for Versene and the several related 
compounds. 
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Fluoroacetic acid was tested for inhibiting action on glycine accumuls- 
tion in connection with chloroalanine, because some results of Awapara (22) 
suggested to us that this substance might be inhibitory to the process, 
The results were negative (Table VII). The sulfonic acid analogue of 
glycine was also without effect upon glycine accumulation. 

Shifts of Potassium and Sodium during Uptake of Amino Acids—Hereto- 
fore two types of electrolyte shift have been seen during the concentration 
of amino acids. The first type serves to maintain electroneutrality; e.4, 
the uptake of potassium and sodium accompanying that of glutamate 
(9, 23, 24) or the uptake of chloride and the displacement of potassium 


TaBLeE VII 
Inhibition of Glycine Accumulation by Various Substances 


1 part of tumor cells in 5 to7 parts of Krebs’ Ringer-bicarbonate medium. Gly- 
cine added to an initial level of 2 mm per liter of suspension. Distribution ratio 
taken as 100 in absence of the inhibitor. 


Relative 
Experiment No. Inhibitor level distribution 
ratio 
222 8-Chloro-t-alanine 10 26 
sé 5 : 5 38 
2 31 
0.5 78 
219 se 10 16 
Sodium fluoroacetate 4.8 116 
13.8 110 
‘¢ aminomethylene sulfonate 10 98 


and sodium accompanying the accumulation of diaminobutyrate (3). In 
the second type of ion shift, preservation of electroneutrality does not suffice 
as an explanation. For example, the uptake of large amounts of glycine 
is accompanied by a considerable exchange of the cellular potassium for 
sodium (9, 2). This loss of potassium is smaller than the simultaneous 
gain of glycine. This interesting change now has been obtained also 
with L-tryptophan, m-amino-pL-phenylglycine, and 2-pyridyl-p1-alanine 
(Table VIII). With the uptake of tryptamine both types of shift were 
evident; that is, part of the potassium leaving the cell was replaced by the 
organic cation and part by sodium (Table VIII). In every case so far en- 
countered the strong uptake of an uncharged amino acid has been accom- 
panied by a shift of sodium for potassium. 

Displacement of One Amino Acid from Cells by Another—As a corollary 
to the competition which has been observed among amino acids for con- 


Pp. 
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centration (9,2) one would expect that the addition of a new amino acid 
to the cell suspension would cause the displacement from the cells of one 


TaBLeE VIII 


Shifts of Potassium and Sodium during Uptake of Amino Acids and of Tryptamine 


The amino acid gradients are expressed in millimoles per kilo of water, and A[K*] 
and A[Na*] in milliequivalents per kilo of cell water. 


Experi- Amino 
ment Substance studied Time acid A[K*]cetts |A[Na*]cells 
No. gradient 
hrs. 
145 | t-Tryptophan, 20 mu 6 31 — 46 +28 
ag 40 ‘ 2 31 —3 —10 
40 4 38 —27 +12 
40 6 22 —52 +47 
60 6 16 —58 +57 
151 | m-Amino-pL-phenylglycine, 40 mm 4 38 — 34 +46 
2-Pyridyl-pu-alanine, 40 mm 4 77 —49 +25 
155 | Tryptamine HCl, 64.3 mm 1 55 —85 +33 
4 45 —85 +28 
m-Amino-pL-phenylglycine, 60.3 mm 4 13 —69 +90 
TaBLE IX 
Displacement of One Amino Acid by Another or by Potassium Ion 
The amino acid gradients are expressed in millimoles per kilo of water. L-DiAB 
= L-a,y-diaminobutyric acid. 
Gradient Ist 
Experiment | 4s amino acid 2nd amino acid pecs 2nd amino 
acid (final) 
Half-way Final 
152A L-Tryptophan Glycine 48 23 52 
B Glycine L-Tryptophan 50 55 19 
159A L-DiAB Glycine 114 53 23 
B * L-Tryptophan 114 114 11 
C Glycine L-DiAB 51 37 50 
D ” L-Tryptophan 51 34 17 
175A L-Tryptophan Glycine 37 8.3 27 
B L-DiAB 37 8.8 10 
C Kt 37 12 58 


already accumulated. This effect has been seen in the intact animal (25) 
and probably is a major factor in the deleterious nutritional effect of amino 


acid imbalance. 


Table IX illustrates this effect for the ascites tumor cell. 


In these experiments the suspension was incubated 2 or 3 hours with the 


| 
a (22) 
rOcess, 
pue of 
€.9., 
amate 
Gly- 
n ratio 
ative 
bution 
tio 
26 
38 
31 
78 | 
16 | 
16 
10 
QS 
). In 
suffice 
lycine 
for 
neous 
1 also 
lanine 
were 
ar en- 
olary 


410 FREE CELL NEOPLASM AND AMINO ACIDS 


first amino acid at a 30 to 60 mo level; then after separation of a portion for 
analysis a second amino acid was added to the suspension at a 25 to 60 my 
level and the incubation continued for 2 or 3 hours. Glycine displaced 
tryptophan rather better than tryptophan displaced glycine (Experiments 
152B, 159D). Elevation of potassium to a 30 mm level also caused ap 
exodus of the accumulated amino acid (Experiment 175C). 


SUMMARY 


1. In the study of the concentration of amino acids by the Ehriich 
mouse ascites carcinoma cell, the origin of the particularly strong con- 
centration of certain dinitrogenous acids has been sought. 

2. In the sensitivity of the process to temperature and to inhibitor 
and in stereochemical specificity, a,y-diaminobutyric acid and tryptophan 
are very similar to other amino acids that have been studied. 

3. A neurotoxic action of a,y-diaminobutyric acid in the rat has been 
described. 

4. Further evidence was obtained for the importance of the amino group, 
of the carboxyl group, and of a second nitrogenous group at an appropriate 
distance from the a-amino group. The importance of the spacing is illus- 
trated particularly well with a series of pyridine-substituted amino acids. 

5. Several colored amino acids have been synthesized. These were 
studied, along with some ultraviolet-absorbing amino acids, in an effort 
to visualize the concentration process microscopically. One colored amino 
acid, although not particularly strongly concentrated, produced an approxi- 
mately uniform coloration of the cells. 

6. The possibility was considered that chelation of a metal might be in- 
volved in the superior accumulation of certain dinitrogenous amino acids. 
Among several metal-chelating agents only ethylenediaminetetraacetic 
- acid was significantly inhibitory to the concentration of amino acids. The 
nature of this inhibition was not such as to support the participation of a 
metal in the process. 

7. The possibility was considered that a second nitrogenous group might 
improve concentration of an amino acid merely by lowering the pK of the 
amino group. Introduction of a chlorine atom on the 6-carbon of alanine 
lowered the pK of the amino group to 8.2. The resulting compound was 
not well concentrated, but this behavior was probably associated with its 
partial degradation. 

8. Tryptophan, m-aminophenylglycine, and 2-pyridylalanine, like gly- 
cine, cause the loss of potassium and the gain of sodium by cells upon their 
uptake. 

9. One strongly concentrated amino acid tended to displace from the 
cells another which had already been accumulated. 
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EFFECTS OF PYRIDOXAL AND INDOLEACETATE ON CELL 
UPTAKE OF AMINO ACIDS AND POTASSIUM* 


By HALVOR N. CHRISTENSEN, THOMAS R. RIGGS, anp 
BARBARA A. COYNE 


(From the Department of Biochemistry and Nutrition, Tufts College Medical School, 
Boston, Massachusetts) 


(Received for publication, January 4, 1954) 


Pyridoxal was recently found in this laboratory to increase the extent 
to which amino acids can be concentrated from a suspending fluid by the 
Ehrlich mouse ascites carcinoma cell (2). In the present study of this ac- 
tivity, we have encountered a second group of stimulating substances, in- 
cluding indoleacetic acid and other auxin-like structures. The action of 
these two dissimilar classes, pyridoxal on one hand and the aromatic acids 
on the other, has been found to have in common effects upon the distribu- 
tion of potassium which are closely related to their effects upon amino acid 
distribution. 


EXPERIMENTAL 


The general methods of studying the concentration of amino acids in 
vitro by the carcinoma cells and the shifts of electrolytes and water of eryth- 
rocytes and carcinoma cells have been described previously (38-5). Eryth- 
rocytes were incubated in the medium of Raker et al. (6). The electrolyte 
losses were corrected for small shifts in control cells incubated in parallel 
experiments. The distribution of pyridoxal was examined by the ab- 
sorption in the ultraviolet region of aqueous extracts, deproteinized by heat 
at pH 5.0. Indoleacetate was measured by the method of Bates for tryp- 
tophan (7) applied to similar extracts. The several agents studied replaced 
isosmotically part of the sodium chloride of the Krebs’ Ringer-bicarbonate 
medium. Samples of pyridoxal and indoleacetic acid, each from two 
different sources, were taken without difference in effect. 

Pyridoxine Deficiency in Tumor-Bearing Mice—The mice were fed a py- 
ridoxine-free diet modified from that of Miller and Baumann (8), contain- 
ing 30 per cent casein. The tumor cells were introduced 1 to 3 weeks later. 
More severe deficiencies greatly slowed or prevented the multiplication of 
the neoplastic cells. Xanthurenic acid excretion confirmed the deficiency. 


* This investigation was supported in part by a grant (No. C-1268) from the 
National Cancer Institute, National Institutes of Health, United States Public 
Health Service, and by a grant from the Abbott Laboratories. A preliminary report 
of part of the work has been published (1). 
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Observation of Oxygen Consumption—The neoplastic cells were suspended 
in 10 to 20 volumes of Krebs’ Ringer-phosphate medium to a total volume of 
2.0 ml. in a Warburg respirometer flask. In the center well was placed 
6 N sodium hydroxide. Oxygen was passed through the flasks to displace 
all air. From the side arm was added 0.3 or 0.5 ml. of an isotonic solution 
containing sodium chloride and glycine and in some instances pyridoxal or 
sodium indoleacetate. The oxygen consumption at 37° was then followed 
manometrically for 2 hours. 
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PYRIDOXAL, mM/LITER (cocaritumic scace) 
Fic. 1. Effect of pyridoxal on the concentration of glycine from a 2 mm solution. 
O represents the distribution ratio reached, glycine of cells to glycine of extracel- 
lular fluid, relative to that reached in the absence of added pyridoxal (scale at 
left). X represents the water content of the incubated cells compared with normal 
cells (scale at right). 


Results 


Effects of Added Pyridoxal—Fig. 1 illustrates the stimulating effects of 
various pyridoxal levels on the concentration of glycine from an extra- 
cellular fluid originally 2 mM in glycine. For this glycine level the op- 
timum was about 1 mm pyridoxal, and 10 to 20 mm pyridoxal was strongly 
inhibitory to the process. An interesting phenomenon accompanied this 
effect; namely, the loss of more and more water from the cells with in- 
creasing pyridoxal levels (lower curve of Fig. 1). Our tentative view is 
that the transfer of water from the cells is responsible for the inhibition of 
glycine uptake. 

When, however, the experiment was repeated at 25 mm glycine, the op- 
timal pyridoxal level rose to 6 to 10 mm, and even at 18.5 mm little inhibi- 
tion was observed (Fig. 2). Including such quantities of glycine in the 
medium prevented shrinkage and caused, instead, swelling. This is not an 
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unexpected result, since the transfer of substantial quantities of glycine 
into the cells uniformly has caused them to take up water (4). In terms 
of the extra amounts of glycine transferred into the cells the effect of 
pyridoxal was much greater at this new optimum than it had been with 1 
ma pyridoxal. Our interpretation of these observations is that, as long 
as the shrinkage of the cells is prevented by added glycine, pyridoxal is 
stimulatory throughout the range 0.5 to 15 mM; the optimum lies well up 
in this range, provided that water transfer is minimized. 

But how does pyridoxal cause the loss of water from the cells? This 
question was clarified by study of the electrolyte movements produced. 


RELATIVE DISTRIBUTION RATIO 
TVWYON JO 


0 5 10 5 
PYRIDOXAL,mM/L 


Fig. 2. Effect of pyridoxal on the concentration of glycine from a 25 mm solution. 
The line joining the encircled points represents the distribution ratios relative to 
those reached in the absence of pyridoxal (scale at left). X refers to the water con- 
tent of the cells (scale at right). 


At increasing levels from 3 to 15 mM, pyridoxal caused increasingly large 
losses of potassium from the cells, accompanied by a less than equivalent 
entrance of sodium into the cells. Chloride moved outward in about 
the right amount to make up for the excess of the potassium shift (Table I; 
Fig. 3); the water followed the direction of movement of the chloride ion 
(Fig. 4). The loss of potassium was not suppressed by starting with 20 
m.eq. per liter in the extracellular fluid, nor significantly increased by omit- 
ting potassium from the medium (Table I). With human erythrocytes 
10 mm pyridoxal also resulted in loss of potassium, water, and chloride, 
but of much smaller magnitudes (Table I). 

In the foregoing experiments the factor which was directly associated 
with the increased accumulation of glycine was the loss of potassium from 
the cells; when this loss was accompanied by water loss, as it tends to be, 
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inhibition occurred, but as long as the lost potassium chloride was replaced 
by glycine, so that water loss was avoided, the association between potas. 


TABLE I 
Shifts of Water and Ions on Incubation of Tumor Cells and Erythrocytes with eal 
Pyridoxal concentrations 8.3, 9.1, 10, and 10 mm in the four experimenis. The 
shifts due to pyridoxal are given in terme of 1 kilo of initial cell water and ar _ lative 
to parallel aliquot portions of cells incubated in the absence of pyridoxal 
m.eq. per l. ™.eq. m.eq. m.eq. gm. 
201 Ascites tumor 0 —21 +5 —13 —145 
201 we ” 5 —20 +19 —16 —114 
201 20 —17 +1 — 20 —172 
202 - “ 5 — 29 +17 —13 — 66 
Bl Human erythrocytes 4.42 —6 +6 —6 
B2 4.42 —2 +5 —7 —31 
= Oo 
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PYRIDOXAL, m M/L 


Fig. 3. Shifts of ions produced by pyridoxal. The loss of potassium is repre- 
sented by the solid bar on the left in each case, which is compared with the sum of 
the gain of sodium and the loss of chloride; these are shown in the right bar. When- 
ever there has been a gain in chloride, however, this is shown on the left. Therefore 
equality in the length of the two bars represents maintenance of electroneutrality 
as far as these three ions are concerned. 


sium loss and increased glycine capture was shown over a considerable 


range of pyridoxal concentrations. ; 
When the pyridoxal level was brought as high as 20 mm, the gain of 
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sodium exceeded the loss of potassium and the direction of movement of 
chloride »nd water was reversed to an inward one (Fig. 3). The sodium 
levels ‘» ‘= cell water were then as high or higher than the extracellular 
lev uough the distribution ratios were not as high as one might pre- 
dict 1. |‘ Donnan equilibrium. For potassium the cellular level was only 
about t:vice as high as the extracellular. These results are attributed to an 
almost -mplete elimination of the active transport of sodium and potas- 
sium by the cell at the high pyridoxal levels; swelling then would be a con- 
sequence of the Gibbs-Donnan law. At the intermediate levels of pyridoxal 
(ie., 3 to 15 mm) the results are interpreted to represent a greater injury 
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PYRIDOXAL, mM/L 


Fic. 4. Shifts of chloride and water upon incubation of cells with pyridoxal. 
Same experiment as in Fig. 3. 


to the potassium transport apparatus than to the sodium transport appara- 
tus; the outward migration of the chloride ion against a concentration 
gradient is not easily explained except as a result of potassium migration. 

In spite of the extensive elimination of the active transport of potassium 
and sodium, the carcinoma cells were still remarkably active in accumulat- 
ing glycine. Fig. 5 shows that more and more swelling was produced in 
20 mm pyridoxal solution as the extracellular level of glycine was progres- 
sively increased. This swelling is attributed simply to an inward transfer 
of glycine, and with it water in about the usual relation; that is, as an iso- 
tonic solution. The gain of water may be seen to approximate what is 
required for the uptake of glycine as 20.3 m solution. The existence of the 
glycine in the free state in the cells is again strongly supported. 

Attempt to Presaturate Cells with Pyridoxal—Pyridoxal was added at a 
0.7 mm concentration to the cell-rich ascitic fluid and the suspension incu- 
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bated for 1 hour; the cells were then separated and resuspended in Kreby’ 
Ringer-bicarbonate medium containing 2 mm glycine, and the effect of 
pyridoxal was tested at 0.5 mm (an optimal level for the conditions). The 
preincubation with pyridoxal increased the distribution ratio, glycine in 
cells to glycine in the extracellular fluid, attained in 1 hour from 12 to 15, 
but, when pyridoxal was also present along with the glycine, the distriby. 
tion ratio was further increased to 20. The latter stimulation was attrib. 
uted to the presence of a definite concentration of pyridoxal in the extra. 
cellular fluid simultaneous with the presence of glycine. 


ORIGINAL CELL WATER 
8 


GLYCINE TRANSFERRED, mM/KILO 


RELATIVE CELL WATER,PER CENT 


40 


INITIAL GLYCINE, mM/L 


Fig. 5. Increased swelling of cells in 20 mm pyridoxal with increasing initial gly- 
cine level in the suspending fluid. ©, glycine transferred into the cells (scale at 
left); X, gain of water by the cells (scale at right). The scales are related so that 
identity of the two lines indicates uptake of glycine as a 0.3 m solution. 


Relation between Amounts of Glycine and of Pyridoxal Entering Cells— 
The foregoing observation and also the rise of the optimal pyridoxal level 
with the glycine level suggest the possibility that the extra glycine was 
taken up as a pyridoxal derivative and might exist in the cell in this form. 
This possibility was eliminated by comparing the amount of extra glycine 
transferred into the cells with the amount of pyridoxal (or of its derivatives 
showing the characteristic absorption of pyridoxal) taken up. Beginning 
with extracellular levels of 26 and 0.6 mm for glycine and pyridoxal, re- 
spectively, an extra uptake of 2.7 um of glycine was obtained, compared 
with a total amount of 0.57 um of pyridoxal present. These experiments 
were made with carcinoma cells from pyridoxine-deficient mice. Separate 
experiments indicate that under the conditions probably about half of this 
amount of pyridoxal entered the cells. 
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Decreased Glycine Accumulation in Pyridoxine Deficiency—At glycine 
levels of 2 mm little difference could be detected in the concentration of 
glycine by cells from normal and from pyridoxine-deficient mice. But 
when the load was increased to about 27 mm glycine, the effect of the de- 
ficiency, either on the distribution ratio or glycine gradient, appeared 
dearly (Table II). In addition the capture of glycine by the deficient cells 
could be stimulated by pyridoxal at 0.4 to 0.8 mm concentrations, levels 
which were entirely too small to show any effect upon the concentration by 
normal cells from such strong glycine solutions. The results indicate 
that pyridoxine derivatives probably take — in the normal accumula- 
tion of amino acids by cells. 


II 
Decreased Concentrative Activity for Glycine of Tumor Cells from Pyridozine- 
Deficient Mice 
The initial glycine content of suspending fluids averaged 26.7 mm and was in the 
range 25.7 to 27.4 mM in most instances. Time of incubation, 2 hours; c. = cells; 
ef. = extracellular fluid. 


No. Glycine] c. 
Glycine gradient 
mM 
7 2.98 + 0.06* 42.3 + 1.9* 
Be-doficiont. 4 2.29 + 0.09 33.5 + 2.6 
+ 0.44-0.83 mm 
pyridoxal in vitro.................... 3 2.68 + 0.18 38.2 + 3.1 


* Standard error of the mean. 


Pyridoxal and Concentration of Other Amino Acids—Stimulation of the 
concentration of L-a,y-diaminobutyric acid, L-methionine, and L-trypto- 
phan has also been obtained, although not to as marked an extent as for 
glycine. With a,y-diaminobutyrate a maximal stimulation was reached 
at about 1 mm pyridoxal, with strong inhibition at 10 mm. The distribu- 
tion ratios reached with L-tryptophan (2 mm) were increased, but only with 
cells from pyridoxine-deficient mice. In the case of t-phenylalanine no 
significant effect was observed. These observations are consistent with 
the view that for the more weakly concentrated amino acids other factors 
may be the limiting ones and therefore increasing the level of pyridoxal has 
a smaller effect. 

Effects of Desoxypyridoxine—Like pyridoxal, desoxypyridoxine caused 
large releases of potassium from the cells, accompanied by substantial 
amounts of chloride and water (Fig. 6). These effects were evident at 
4m and continued to increase in magnitude to 30 mm. But with regard 
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to glycine concentration, the only effect of desoxypyridoxine was one of 
inhibition. At 2 mm glycine levels, 1 mm desoxypyridoxine was without 
effect; from 5 to 25 mM, desoxypyridoxine was inhibitory. At 25 my 
glycine, 6 mm desoxypyridoxine was without significant effect, whereas the 
12 and 20 mo levels were inhibitory, although, oddly, in the presence of this 
much glycine swelling occurred with sodium chloride uptake, instead of 
shrinking. 

The behavior of desoxypyridoxine shows that agents which cause the loss 
of potassium from the cells do not necessarily stimulate the accumulation 
of glycine, unless certain structural requirements are met. 


6) 


ION SHIFTS, mM/KILO 
ORIGINAL CELL WATER 
PER CENT OF CONTROL WATER 


DESOXYPYRIDOXINE, m M/L 


Fic. 6. Effect of desoxypyridoxine on the ion distribution and water content of 
carcinoma cells; no glycine added. As in Fig. 3, the loss of K*+ is compared with the 
sum of the loss of Cl- and the gain of Nat. The Nat gain at 30 mm desoxypyri- 
doxine was very large, but was not accurately determined. 


The following substances were without significant effect upon the dis- 
tribution of glycine (2 mm): pyridoxine, pyridoxamine, thiamine, niacin, 
riboflavin, calcium pantothenate (all 1 mm), and folic acid (0.2 mm). Pyri- 
doxal phosphate was if anything less effective than pyridoxal under similar 
conditions. Pyridoxamine and pyridoxine (16 mm) failed to cause loss of 
water from the cells. 

Effect of Indoleacetate—The stimulatory effect of the indoleacetate ion 
upon glycine accumulation from « 2 mm solution is illustrated in Fig. 7. 
This substance also caused a loss of water from the cells owing to the exit 
of potassium and chloride in nearly equivalent amounts (Fig. 8). In this 
case sodium replacement was absent; instead a small loss of sodium from 
the cells may be seen for the first three samples of Fig. 8. Slightly more 
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RELATIVE DISTRIBUTION RATIO 
*f NORMAL WATER 


INDOLE-3-ACE TATE, mM/L 


Fic. 7. Effect of indoleacetate on the concentration of glycine from a 2 mm solu- 
tion and on the oxygen consumption by the tumor cells. Stimulated uptake of gly- 
cine (scale at left) either from Krebs’ Ringer-bicarbonate medium (@) or from 
Krebs’ Ringer-phosphate medium (A). © shows the oxygen consumption (scale at 
right) of cells after an hour in the phosphate medium, referring to the same experi- 
ment indicated by A. XX and the line marked ‘‘H:O” show the loss of cell water in 
the presence of indoleacetate (various experiments; scale at left). 


4 

3 

> 
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oO 

WATER ae 

10 20 

INDOLEACE TATE,» M/L 


Fig. 8. Effect of indoleacetate upon ion and water distribution for suspensions of 
carcinoma cells. Loss of cations by cells shown in left bar, of anions in right bar, in 
each case (scale at left). > indicates the water content of the incubated cells (scale 
at right). The effect is predominantly a loss of potassium chloride. 
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chloride than potassium migrated from the cells, probably because some 
chloride was displaced by the indoleacetate itself which entered the cells, 
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INDOLE -3-ACETATE,mM/LITER 
Fig. 9. Effect of indoleacetate on ions and water distribution for erythrocyte 
suspensions. When a cation appears in the left bar, losses by the cell are repre- 
sented; when it appears on the right, cell gains are indicated. The effect is pre- 
dominantly one of chloride displacement. 
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5 10 IS 20 


PYRIDOXAL, mM/LITER 


Fig. 10. Effect of pyridoxal on oxygen consumption by ascites carcinoma cells. 
Krebs’ Ringer-phosphate medium. The results were obtained after 1 hour of incu- 
bation. Similar effects were found at other time intervals. 


The action of indoleacetate is particularly interesting because of its ap- 
parent specificity to the potassium transfer system and the absence of any 
significant effect upon sodium distribution. The association between 
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potassium loss and stimulated glycine accumulation accordingly is clearer 
in this case. 

When concentration occurred from a 26 mm glycine solution, the results 
differed from those of Fig. 7 in that the stimulation did not fall off at levels 
of indoleacetate above 20 mm, perhaps because shrinking was minimized 
in the presence of higher glycine levels. 

Human erythrocytes failed to show any significant displacement of ca- 
tions when suspended in indoleacetate-containing Raker’s medium (6) 
(Fig. 9). A considerable amount of chloride was displaced, presumably 


TaBLeE III 

Effects of Various Aromatic Acids on Concentration of Glycine by Carcinoma Cell 

The acids were present as the sodium salts at initial levels of 10 + 0.8 mm (with 
the exception indicated), replacing sodium chloride in Krebs’ Ringer-bicarbonate 
medium containing 2 mm glycine. Time of incubation, 1 hour. The distribution 
ratios, cell water content, and Qo, values are given as per cent of the value obtained 
in the absence of the agent. Oxygen consumption was determined in separate 
experiments in Krebs’ Ringer-phosphate medium at the end of 1 hour of incubation. 


Experiment Aromatic anion distribution | Rglative | Relative 

249 Benzoate 166 95 

249 Salicylate 92 99 98 
249 o-Phthalate 84 103 

245 Phenylacetate 154 104 97 
252 2,4-Dichlorophenoxyacetate 48 85 

245 1-Naphthaleneacetate 90 93 

249 ” 18.9 mm 74 86 

235 8-(Indole-3) -propionate 130 97 

235 y-(Indole-3)-butyrate 102 88 52 
238 Kynurenate 132 100 104 


because of the entrance of the organic anion, indoleacetate, into the cells. 
Some shrinkage also occurred, very close to what would be expected if the 
chloride had been displaced by an anion which became bound to other cel- 
lular ingredients. 

Effect of Pyridoxal and Indoleacetate upon Oxygen Consumption—Both of 
these agents caused progressively greater inhibition of oxygen consump- 
tion by the cells from 1 to 20 or 30 mm levels (Figs. 7 and 10). It is note- 
worthy that the levels which stimulate glycine accumulation are inhibitory 
to the utilization of oxygen. The suppression of respiration ordinarily 
is associated with losses in the ability to concentrate amino acids (4). 
Effects of Other Aromatic Acids—The plant growth-stimulating effect of 
indoleacetic acid is shared by many other aromatic acids. Accordingly 
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several such compounds were tested in the present instance. The results 
are summarized in Table III. Also stimulatory were phenylacetic acid, 
8-indole-3-propionic acid, and benzoic acid, all of which have been shown 
to have auxin action, and kynurenic acid. The decreasing activity in the 


ION SHIFTS, mE/KILO CELL WATER 


PHENYLACETATE ADDED, mM/L 


Fig. 11. Ion shifts from carcinoma cells produced by phenylacetate. Losses are 
indicated, except where sodium appears in the right-hand bar. 


TABLE IV 


Effects of Pyridoxal, Indoleacetate, and Phenylacetate, Separately and in 
Combinations, on Glycine Accumulation 
Representative experiments. For the 2 mm glycine levels used, concentrations 
of the three agents were selected which produce maximal or near maximal stimu- 
lation of glycine concentration. 


Glycine] Relative 
No. 
237 Krebs’ Ringer-bicarbonate medium alone 13.4 (100) 

+ indoleacetate, 12 mm 17.6 131 

+ pyridoxal, 0.9 mm 16.5 123 

+ both 23.3 174 

261 Medium alone 17.3 (100) 

+ phenylacetate, 10 mm 25.2 146 

+ indoleacetate, 10 ‘ 22.2 128 

+ both 30.7 177 

266 | Medium alone 13.9 (100) 

+ indoleacetate, 18 mm 29.5 212 

+ phenylacetate, 18 mm 31.1 224 

+ pyridoxal, 0.9 mm 24.1 173 

Both indoleacetate and phenylacetate 32.8 236 

‘« phenylacetate and pyridoxal 27.5 198 

All three of above 28.6 206 
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gries, indoleacetate, indolepropionate, and indolebutyrate is interesting, 
especially because the last caused quite as much shrinkage as the first. 

With phenylacetate and kynurenate the association observed so far 
between stimulated glycine uptake, on one hand, and loss of cellular potas- 
sum and water, on the other, was somewhat less impressive. Phenyl- 
acetate produced a substantial loss of cell potassium (Fig. 11), but, sur- 
prisingly, cellular shrinkage was inappreciable. With kynurenate (10, 20, 
and 30 mM), on the other hand, the potassium loss was only 8, 15, and 8 
m.eq. per kilo of water, while the water loss was 5, 9, and 8 per cent. 

Summation of Effects of Pyridoxal, Indoleacetate, and Phenylacetate— 
When these agents were tested in pairs at near optimal levels, their effects 
on glycine uptake usually tended to be additive, but this was not true in 
one case (Experiment 266, Table IV), in which particularly strong increases 
were obtained with the aromatic acids. From the behavior observed one 
probably cannot decide whether or not these agents are acting in independ- 
ent modes. 


DISCUSSION 


Assuming that a carrier serves in the transport of amino acids into the 
cell, it is probably necessary that the carrier be kept by some means at a 
higher concentration at the outer than at the inner limit of the cell mem- 
brane (9). Two of the foregoing findings would fit with a réle of pyridoxal 
as the carrier or a precursor of the carrier. First there is the fact that the 
pyridoxal needs to be present in the extracellular phase in definite amounts 
during the concentration process. Second is the finding that much smaller 
amounts of pyridoxal in the extracellular fluid suffice for stimulation when 
pyridoxine derivatives have been depleted within the cell. 

With regard to the possible function of pyridoxal as part of the carrier, 
earlier evidence (5) has pointed to the amino group as the one principally 
involved in amino acid concentration. As we have suggested elsewhere 
(2), derivatives of pyridoxal could serve as a general means of grasping 
amino acids by the amino group, not only for chemical modification but 
perhaps also for transfer from one phase to another. 

But how can the effects on amino acid transfer be related to those on 
potassium and water distribution? Usually the conditions which are del- 
eterious to the maintenance of high cellular concentrations of potassium 
(eg., anoxia, decreased temperature, presence of cyanide or of 2 ,4-dinitro- 
phenol) are also unfavorable to the concentration of amino acids. Another 
paradox is the increase in glycine uptake in association with depressed 
oxygen consumption. 

The interactions between the transfer of amino acids and the transfer 
of potassium across the cell membrane have presented themselves per- 
sistently, Earlier we reported an apparently meaningless exit of potas- 
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sium from the cells, with sodium replacement, during the uptake of sub. 
stantial amounts of various neutral amino acids (4, 10). A 1:1 replacement 
of an amino acid molecule for an inorganic ion could be excluded in that 
case, although in the present instance the potassium loss appears to be 
of a similar magnitude to the extra uptake of glycine. The possibility 
cannot yet be excluded that the extra uptake of amino acid is actually 
driven by the outward movement of potassium. 

Another possible explanation of these interactions should be considered, 
The uptake of glycine by the cells may be limited ordinarily by the os 
motic pressure resulting from the glycine gradient which is established, 
Any agent which causes other cell solutes to be lost simultaneously without 
excessive injury to the cell would tend to suppress such an osmotic limite- 
tion. There is little doubt that the balancing of osmotic effects is a factor 
in extending upward the range of effective concentrations of pyridoxal and 
indoleacetate; it is not clear whether this effect is due only to the avoidance 
of injurious effects of cell shrinkage or also to a sparing in the amount of 
water which must be taken up with a given amount of amino acid. On the 
whole the osmotic explanation appears to be quite inadequate, particu- 
larly for the action of pyridoxal, for the following reasons. 

1. The greatest effect of pyridoxal upon the distribution ratio for glycine 
was observed at very low glycine levels, at which the osmotic pressure re- 
sulting from glycine transfer is relatively small. Furthermore the effects 
were obtained with levels of pyridoxal which did not cause any detectable 
loss of potassium from the cells. 

2. Modification of the structure of pyridoxal to deinen elimi- 
nated the stimulus to increased glycine accumulation without decreasing 
the effects upon potassium and water distribution. 

3. Elongation of the side chain of indoleacetate to 4 carbons removed 
the stimulatory effect on glycine accumulation, but not the effect on water 


distribution. 


4. The depressing effect of pyridoxine deprivation on the activity for 
glycine accumulation is not explicable on an osmotic basis, but instead 
indicates a normal participation of pyridoxal in amino acid concentration. 

The observed interactions between the transfer of amino acids and po- 
tassium are instead considered to be inherent in the close relation between 
these transfers, probably arising from the sharing of a common process or 
reactant by the two. 


SUMMARY 


1. From 0.5 to 15 mm pyridoxal stimulated the concentration of amino 
acids by the Ehrlich mouse ascites tumor cell in vitro, the optimal level 
rising with the glycine content of the suspending fluid. The extra glycine 
transferred frequently exceeded the total amount of pyridoxal added. 
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9. From 5 to 15 mm pyridoxal caused a progressively greater shrinkage 
of the cells, accompanied by the loss of potassium, partially compensated 
by sodium uptake. Similar results were obtained with erythrocytes. No 
loss of potassium from the cells could be detected at 1 mm pyridoxal. 

3 From 8 to 15 mm pyridoxal was inhibitory to glycine accumulation 
unless the quantity of glycine present was large enough to abolish shrinkage 
or to replace shrinkage by swelling. In this case the pyridoxal became 
stimulatory . 

4, Carcinoma cells from pyridoxine-deficient mice had an inferior ability 
to concentrate glycine from 27 mm solutions and were stimulated by low 
levels of pyridoxal which were without effect on normal tumor cells. A 
normal function of pyridoxal in amino acid transfer is indicated. 

5. Desoxypyridoxine had only depressing effects on glycine accumula- 
tion, although it shared with pyridoxal the effects on the distribution of 
inorganic ions and water. 

6. Indoleacetate caused loss of water, potassium, and chloride from the 
cells, associated with increased accumulation of glycine. Phenylacetate 
and kynurenate had similar effects. 

7. The repeatedly observed association between potassium exodus and 
stimulated glycine uptake is considered not to be explained simply by a 
balancing of osmotic activity, but to arise from common elements shared by 
the two transfer processes. 
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ENZYMOLOGY OF MYCOBACTERIA 
VII. DEGRADATION OF GUANIDINE DERIVATIVES* 


By E. ALBERT ZELLER, LUCAS S. VAN ORDEN, anp WALTER VOGTLI 
WITH THE TECHNICAL ASSISTANCE OF JOHN C. LAZANAS 


(From the Department of Biochemistry, Northwestern University Medical School, 
Chicago, Illinois) 


(Received for publication, November 18, 1953) 


Several strains of Mycobacteria are able to attack the guanidine groups 
of arcaine (1 ,4-diguanidinobutane) and of agmatine (1-amino-4-guanidino- 
butane). The guanidine-decomposing enzyme (GD) responsible for this 
reaction is different from several other hitherto characterized guanidine- 
splitting systems, and has been obtained in a soluble form (2). Since 
urease is present in the strains used for these investigations, the liberation 
of ammonia in the enzymic hydrolysis of guanidine derivatives mentioned 
above gives no indication as to whether ammonia is formed directly or 
indirectly through the degradation of urea, which in turn is set free from 
the guanidine derivative. Thus further evidence, as presented in this 
paper, was required to define the mechanism of action of GD found in 
Mycobacteria. 


Materials and Methods 


The strains of Mycobacterium smegmatis! and Mycobacterium phlei,? and 
the suspensions and soluble enzyme preparations obtained from them, as 
well as a description of the general experimental conditions and of the 
measurement of guanidine groups and ammonia, have been described pre- 
viously (2-4). Urea was determined by a manometric procedure, with 
acetate buffer at pH 5.0 (5). In order to release all gaseous carbon dioxide 


* This work was supported by a research grant (No. G-3201) from the National 
Institutes of Health, United States Public Health Service, and by a research grant 
from the Bristol Laboratories, Inc., Syracuse, New York. Read in part before the 
Forty-third annual meeting of the American Society of Biological Chemists at New 
York, April 14-18, 1952 (1). 

‘Strain I, streptomycin-sensitive; Strain II, streptomycin-resistant; Strain III, 
streptomycin-dependent (Karlson); Strain IV, isoniazid-sensitive; and Strain V, 
isoniazid-resistant. 

? We are indebted to Dr. A. G. Karlson, Mayo Foundation, Rochester, Minnesota, 
for providing us with a stock culture of M. smegmatis, Strain III; to Hoffmann-La 
Roche, Inc., Nutley, New Jersey, for stock cultures of Strains IV and V; and to Dr. 
s be Sutton, Lilly Research Laboratories, Indianapolis, Indiana, for a stock culture 
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evolved from urea, dilute sulfuric acid was tipped into the manometric 
vessel from a second side arm. Urease was prepared from commercial jack 
bean meal by fractionating a water extract with acetone (6). Degrads- 
tion of guanidine derivatives under standard conditions involved incuba- 
tion in M/30 phosphate buffer, pH 8.0, and at 38°. All concentrations were 
calculated for the final volume of the enzymic system. In all cases, en- 
zyme blanks and usually substrate blanks were carried through the same 
procedure as for the complete mixtures. The blanks were subtracted from 
the actual results. 


Results 


Occurrence of Urease—In all the strains of 1. smegmatis and M. phlei 
so far tested, urease was present. The Q values (micromoles of decom- 
posed urea per gm. of wet, packed cells per hour; 38°) for various strains 
range from 180 to 1270 for whole cells and from 90 to 920 for the corre- 
sponding amount of the supernatant fluid, obtained by breaking up the 
bacteria by sonic oscillations and centrifugation at 105,000 xX g for 30 
minutes (2). The activity of this enzyme was also measured under con- 
ditions employed for the evaluation of GD; namely, with phosphate buffer, 
pH 8.0, and 0.01 m substrate. The Q values of whole cells and soluble 
preparations were found to lie between 10 and 20. 

Inactivation of Urease—Urease of whole cells and of the supernatant fluid 
was inactivated by 0.1 mm mercuric chloride, as tested with phosphate 
buffers, pH 7.2 and 8.0. Heating for 15 minutes at 80° in phosphate buffer, 
pH 8.0, also destroys urease, while under these circumstances GD remains 
intact (2). 


Formation of Urea 


Liberation of Ammonia—In long term experiments with whole cells, 2 
' to 3 molecules of ammonia are generally set free per guanidine groups de- 
composed (2). However, in the presence of a soluble preparation, and 
with short incubation periods, less than 1 molecule per molecule of sub- 
strate decomposed may appear. 

Effect of Mercuric Chloride on Ammonia Formation—With 0.1 mM mer- 
curic chloride a slight inhibition of the enzymic decomposition of guanidine 
groups of agmatine and arcaine took place, while the production of am- 
monia was almost completely suppressed (Table I). 

Effect of Heating of Enzyme Preparation on Ammonia Formation—Previ- 
ous heating of the soluble enzyme preparation at 80° did not affect its GD 
activity (2), but prevented effectively the liberation of ammonia (Table 
II). However, when urease was added afterwards, 2 moles of ammonia 
per mole of substrate appeared. 
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Isolation and Determination of Urea—In the presence of the supernatant 
fuid obtained from 0.2 gm. of bacteria (Strain I) and 0.1 mm mercuric 
chloride, 20 um of agmatine were incubated in a total volume of 10 ml. of 
u/30 phosphate buffer, pH 8.0. After 21 hours of incubation at 37°, the 
Sakaguchi reaction was negative and no ammonia could be detected. The 
solution was treated with hydrogen sulfide and distilled in vacuo to dryness. 
The residue was refluxed with 10 ml. of ethanol, and the latter was dis- 
tilled and the residue taken up in 5 ml. of water and decomposed by jack 
bean urease in 0.03 m acetate buffer. The urease liberated 47 per cent of 
the theoretical amount of ammonia; a control sample, before decomposi- 
tion, gave 45 per cent of the theoretical amount of nitrogen by the Kjeldahl 


method. 


TABLE I 
Influence of Mercuric Chloride on Deamination of Guanidine Derivatives 


The vessels contained 0.1 ml. of wet packed cells (Strain I) in a total volume of 2 
ml. of 0.04 m phosphate buffer, pH 7.2, and 1.0 mm substrates. Incubation, 20 hours 
at 37°. | 


mM med. uM 
Agmatine, 2 weq. 0 1.9 4.1 
0.1 1.5 0.6 
Arcaine, 4 weq. 0 4.0 4.8 
0.1 2.6 0.1 


Formation of Amines 


Microbiological Determination of Putrescine—The degradation product of 
6.0 um of agmatine had the same growth-promoting property of Hemo- 
philus parainfluenzae (7) as did 6.6 um of putrescine.’ 

Manometric Determination of Tyramine—It has been shown that 1-guan- 
idino-2-(p-hydroxypheny])ethane is attacked by GD.4 The product of this 
reaction may be tyramine, a substrate of monoamine oxidase. In order 
to test this assumption,® this guanidine derivative was incubated with sol- 
uble GD and washed hog liver cell mitochondria, a potent source of mono- 
amine oxidase (8). While neither GD nor monoamine oxidase catalyzed 
any oxidative deamination, the combination of both enzymes proved to 
be effective, indicating that through the action of GD a substrate of mono- 


* We thank Dr. E. J. Herbst, University of Maryland, Baltimore, for carrying out 
the microbiological determination of putrescine. 

‘Zeller, E. A., Vogtli, W., and Lazanas, J. C., unpublished results. 

* The experiments were performed in this laboratory by Mrs. Elaine R. Berman. 
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amine oxidase was formed (Table III). These results furnish the basis of 
a manometric determination of GD. 

Isolation and Identification of Putrescine—O0.214 gm. of agmatine sgyl- 
fate was incubated under standard conditions with 2 gm. of soluble GD 
preparations (Strain V) in a volume of 147 ml. until the Sakaguchi reae. 


TaBLeE II 
Influence of Heating of Enzyme on Ammonia Liberation 


A soluble preparation (Strain V) was heated in M/15 phosphate buffer, pH 8.0, for 
15 minutes at 80°; 0.8 ml. of this material, equivalent to 0.08 ml. of wet packed cells, 
was incubated for 1 hour at 38° with 8 um of agmatine sulfate in a total volume of 8 
ml. of M/30 phosphate buffer; after removal of 0.7 ml. for analytical purposes, 1.4 
ml. of jack bean extract (1:10) were added and the mixture was kept for another hour 
at the same temperature; the percentage was calculated on the basis of 2 moles of 
ammonia per mole of substrate. 


Enzymes | Ammonia 
Med. uM | per cent 
Heated preparation.............. 8.0 1.6 10 
Same + urease.................... 8.0 15.0 | 95 
TABLE III 


Enzymic Degradation of 
The vessels contained mitochondria, isolated from 0.25 gm. of hog liver by differ- 
ential centrifugation with 0.25 m sucrose (9, 10) and washed once with sucrose solu- 
tion and resuspended in phosphate buffer, and a soluble preparation (Strain V) 
corresponding to 0.1 gm. of wet packed bacteria in a total volume of 3 ml. of m/I5 
phosphate buffer at pH 8.0 and 3.3 mm substrates (10 um). Incubation for 6 hours 
in oxygen-filled Warburg type manometric vessels at 38°. 


Enzymes Oxygen uptake Ammonia 
uM uM 
Mitochondria + bacteria............. 3.3 | 8.9 


tion became negative. The pH of the solution was changed to 4.0 with 
acetic acid and boiled briefly. After removal of the proteinaceous pre- 
cipitate, the volume of the solution was reduced to 25 ml. by distillation 
in vacuo. To the boiling solution, 10 ml. of a boiling solution of 0.5 gm. 
of picric acid were added. The collected crystals were washed three times 
with 2 ml. of ethanol and freely with ether. The yield was 0.39 gm. (71 
per cent of the theoretical amount). Darkening of the crystals began al 
255°, and decomposition at 268°; recrystallization from water did not 
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change these temperature points. The picrate from authentic putrescine, 
synthesized from succinyl nitril, darkened at 255° and decomposed at 270°. 
Part of the picrate was converted into the hydrochloride by extracting a 
suspension of the powdered crystals in hydrochloric acid in the Steudel- 
Kutscher apparatus for 60 hours. After that, the solution was concen- 
trated and the residual picric acid removed with Norit. With this solu- 
tion and benzene sulfony] chloride, an N ,N’-disulfonylamide was obtained 
in the conventional way and the latter compound was converted with di- 
methyl sulfate into an N ,N’-dimethyl-N , N’-disulfonylamide, which was 
recrystallized from ethanol-ether. The same products were prepared from 
authentic putrescine. The uncorrected melting points were determined 
with a Fisher-Johns melting point apparatus (Table IV). 


TaBLe IV 
Melting Points of Putrescine Derivatives 
N,N’-Disulfonylputrescine Ny, in 
°C. 
Isolated product...................... 128.5-129 147-149 
Authentic material................... 128 .5-129 148-149 
Mixed melting point.................. 128 .5-129 148-149 


Degradation of Agmatine under Anaerobic Conditions 


While usually air was not excluded from the reaction vessels, some ex- 
periments were carried out anaerobically. Warburg vessels were filled 
with nitrogen. The residual oxygen in commercial nitrogen was removed 
by washing the gas through a solution of chromous chloride. The same 
reducing agent was placed in the center cup of the reaction chamber. 
After incubation, sulfuric acid was tipped from the second side arm to the 
enzymic system to stop the reaction before admitting air. In 30 minutes 
a soluble preparation, obtained from 0.06 gm. of bacteria (Strain I) in a 
total volume of 6 ml., under standard conditions completely decomposed 
6 um of agmatine. 


DISCUSSION 


Previously the existence of urease in Mycobacteria had been established 
only with qualitative methods (12, 13). In this paper quantitative data 
in the form of Q values are given and the liberation of urease from Myco- 
bacteria is described for the first time. In so far as it has been tested, this 
bacterial enzyme has the same properties as the classical jack bean urease. 
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Ammonia is not an immediate product of the guanidine-decomposing 
agent (GD) of Mycobacteria, since the formation of ammonia is suppressed 
whenever urease is inactivated, while the hydrolysis of guanidine groups 
continues. However, 2 um of ammonia appear per guanidine equivalent 
of substrate when jack bean urease acts on the reaction product. Urea, 
therefore, is one of the products of the GD action. 

The other split-product was recognized as the amine corresponding to 
the guanidine compound, as established by preparative, microbiologic, and 
enzymologic methods. If the fact is taken into consideration also that no 
oxygen is required, the GD reaction can be described by the following 
equation: 


RNHC(:NH)NH:2 + = + urea 


In spite of the fact that this mechanism is the same as that known for 
arginase, this enzyme is quite different from GD, as shown in the preced- 
ing paper (2). 

When a mixture of putrefactive bacteria acted on arcaine, minute quan- 
tities of urea could be isolated (14), indicating a similar mechanism as to 
that described in this paper. With agmatine, no urea but 1-amino-4- 
ureidobutane was found (15), so that the liberation of urea was considered 
to be only a side reaction as compared with the formation of the ureido 
compound. However, an enzyme present in Escherichia coli seems to at- 
tack agmatine in the same way as GD of Mycobacteria (16), but the evi- 
dence presented in this case is not complete.® 

With the elucidation of the mechanism of GD action, a complete se- 
quence of reactions leading to arginine degradation could be established for 
some Mycobacteria. u-Arginine is first decarboxylated’ and the resulting 
agmatine is hydrolyzed by GD to form urea and putrescine. The former 
_is attacked by urease, the latter by diamine oxidase (3, 4, 17, 18). Thus 
GD, urease, and diamine oxidase may represent links in the metabolism 
of L-arginine in M. smegmatis. The deamination of putrescine and agma- 
tine by diamine oxidase is also responsible for the occasional appearance of 
more than 2 moles of ammonia per guanidine equivalent or for the produc- 
tion of some ammonia even after blocking of urease by mercuric chloride 
(Table I). 


6 Nakamura (16) incubated washed bacteria (a cell-free preparation of the guani- 
dine-decomposing agent of E. coli cou!d not be obtained) at 37° for 7 days with agma- 
tine. From the obnoxious smelling suspension a picrate with a melting point of 250° 
was isolated. Since no other data of this product were given, the identification of 
putrescine from this melting point alone, which actually is a decomposition point, 
leaves room for some doubt. 

7 Zeller, E. A., unpublished results. 
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SUMMARY 


1. Urease in fairly high activity is found in five strains of Mycobacterium 
smegmatis and in one strain of Mycobacterium phlei. A considerable part 
of the urease activity of the cells appears in soluble form after treatment 
of the bacteria in a sonic oscillator. Some of the properties of this urease 


are investigated. 


2. Ammonia is produced from certain guanidine derivatives by the ac- 
tion of Mycobacteria. This liberation of ammonia is a function of urease 
activity and is not related to the primary attack of the guanidine-decom- 
posing enzyme (GD) on its substrates. 

3. The formation of tyramine from 1-guanidine-2-(p-hydroxypheny]l)- 
ethane is demonstrated by means of monoamine oxidase, and the appear- 
ance of putrescine after the incubation of agmatine is proved with enzymo- 
logic and microbiologic methods, and by the isolation of its dipicrate, 
which is converted into the N,N’-disulfonylputrescine and N,N’-dimeth- 
yl-N,N’-disulfonylputrescine. 

4. The enzymic degradation of guanidine derivatives takes place in the 
absence of oxygen. It consists of a hydrolytic splitting of the substrate 
into urea and the corresponding amine. 

5. The possible réle of GD, urease, and diamine oxidase in the degrada- 
tion of L-arginine is discussed. 
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STUDIES IN STEROID METABOLISM 
II. METABOLISM OF TESTOSTERONE BY HUMAN TISSUE SLICES* 
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During recent years, various papers have been published concerning the 
metabolism of C-19 steroid hormones by human and animal liver slices 
(1-3). West and Samuels (4) have demonstrated that slices of kidney 
also metabolize androgens. The enzymatic nature of this conversion was 
proved by the isolation from beef liver of an enzyme system capable of 
oxidizing testosterone to androstenedione (5). Recently, it was shown that 
human tissues other than the liver or kidney are capable of metabolizing 
estrogens (6). Ryan and Engel demonstrated the interconversion of es- 
tradiol and estrone by tissues such as ileum, placenta, liver, adrenal, breast, 
endometrium and myometrium, and testicular tissue. In all cases the 
equilibrium favored the formation of estrone, with the exception of testic- 
ular tissue. In the case of the latter, the equilibrium heavily favored 
production of estradiol. The oxidation of testosterone to androstenedione 
by benign hypertrophic and neoplastic human prostate has been demon- 
strated in this laboratory (7, 8). 

On the basis of this evidence it was thought likely that other human tis- 
sues might also contain enzyme systems capable of metabolizing testos- 
terone. In accordance with this idea a variety of human tissues were incu- 
bated with testosterone to determine their ability to oxidize this steroid. 
In view of the observations of Ryan and Engel, specimens of prostatic and 
testicular tissue were also incubated with androstenedione, to determine 
the ability of these tissues to reduce this 17-ketosteroid. 


EXPERIMENTAL 


Nearly all of the specimens were freshly obtained from the operating 
room and kept for a minimal period in cold isotonic saline solution. The 


* These studies have been carried out with the assistance of research grants from 
the American Cancer Society, upon recommendation of the Committee on Growth of 
the National Research Council; from Aids for Cancer Research (Boston, Massa- 
chusetts); and from teaching and research grants from the National Cancer In- 
stitute, National Institutes of Health. 
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tissues were sliced in a Stadie-Riggs microtome and incubated aerobically 
for 3 hours in a Krebs-Ringer-phosphate buffer of pH 7.4-at 37.5° with 5 
mg. of testosterone! in 0.25 cc. of propylene glycol and 20,000 units of 
penicillin G. After the incubation, the contents of the flasks were ho- 
mogenized, extracted, and analyzed as described previously (9). A few 
control experiments were run to keep a constant check on the recoveries of 
testosterone. Controls were boiled immediately after addition of the tis- 
sue to the substrate. Paper chromatograms of one-third of all total ex- 
tracts were developed for 24 hours in a ligroin-propylene glycol system (10) 
on 1 cm. paper strips and stained with the Zimmermann reagent. Deter- 
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Fig. 1. Paper chromatograms of extracts from tissues incubated with testosterone 
and stained with the Zimmermann reagent. The figures above the strips correspond 
to the numbers of experiments in Table I. A, testosterone; B, androstenedione. 
Solid area, blue zones; lined area, purple zones. 


minations of desoxyribose nucleic acid (DNA) were made on all dried 
tissue residues by means of the diphenylamine reaction applied to hot 
trichloroacetic acid extracts (11, 12). The color produced by the extracted 
desoxypentose was photoelectrically compared with a standard highly puri- 
fied preparation of sperm desoxypentose nucleic acid containing 9.1 per 
cent phosphorus; the results are reported in terms of mg. of desoxypentose 
nucleic acid. 


Results 


Recovery of testosterone from boiled tissue varied from 94 to 98 per cent 
of the amount of steroid added. As a further check, qualitative paper 
chromatography was applied in all experiments. Only testosterone was 


1 We wish to thank Dr. K. W. Thompson of Organon, Inc., for the gift of the tes- 
tosterone and androstenedione. 
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TABLE I 
Non-Malignant and Malignant Tissues 


Ti DNA Testos- 
Tissue Pathology per mg.| ‘erone 
i | weight | tissue — 
| 

Non-malignant 

gm Y mg 

1 Prostate Benign prostatic | 0.110 f) 0.9 1.2 

hypertrophy 
2 0.090 | 22 1.6 0.93 
3 Endometrium Endometriosis 0.554 | 12 1.5 0.26 
4 Myometrium ne 0.638 | 10 3.5 0.64 
5 0.168 8 1.0 0.87 
6 Intestine Diverticulitis 0.076 | 33 1.3 0.59 
7 ” 0.088 | 27 1.3 0.63 
8 Smooth muscle - 0.098 | 16 1.3 0.96 
9 0.089 | 14 1.4 1.3 
10 Liver Bronchogenic can-) 0.168 | 50 1.2 0.17 

cer; no metas- 

 tasis 
ll 0.101 75 0.7 0.11 
12 Skin - Normal 0.034; 6 | 1.5 8.5 
13 0.051 5 1.9 8.6 
44 Breast " 0.029 14 1.9 5.4 
45 0.028 15 0.8 2.2 
Malignant 
14 | Breast | Cancer 0.034 4 1.3 11.0 
15 tie | ” 0.049 5 1.3 6.2 
16 0.015 8 3.1 30.0 
17 | 0.017 9 3.3 25.0 
18 ae (skin) 0.061 2 «1.1 | 10.0 
19 | ee. “ (fat with 0.020 11 | 1.7 9.0 
| tumor invasion) | 

20 7 | Cancer (fat) 0.0385 8 1.6 6.0 
21 (tumor) =| 0.0385; 3 | 2.5 | 28.0 
27 _ Prostate aie. 0.051 | 28 3.8 3.1 
| 0.068 17 4.3 4.2 
22° Bladder 0.046 39 | 4.1 2.7 
MEN Cervix 0.058 55 | 1.8 0.65 
0.0388 27 | 1.3 1.5 
0.0388 | 29 | 2.1 
0.038 | 61 | 1.4 | 0.70 
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recovered from control extracts. One or more additional compounds ap. 
peared in all test extracts (Fig. 1). 

Because of the small amounts of metabolites produced in these incuba- 
tion experiments, quantitative measurements of the newly found products 
were not feasible. For this reason metabolic calculations were based on 
the quantitative measurement of testosterone recovered after incubation, 
In order to determine the amount of metabolism on a cellular basis, the 
desoxypentose bound to desoxypentose nucleic acid was measured and the 


2 Fic. 3 


Fig. 2. Paper chromatograms of extracts from tissues incubated with androstene- 
dione and stained with the Zimmermann reagent. The figures above the strips cor- 
respond to the numbers of experiments in Tables II and III. A, residual immobile 
material; B, testosterone; C, unknown ketosteroid; D, androstenedione. Solid area, 
blue zones; lined area, purple zones. 

Fic. 3. Mixed paper chromatograms of extracts from tissues incubated with 
androstenedione and pure samples of testosterone. The chromatograms were stained 
with the Zimmermann reagent. See the legend to Fig. 2. 


rate of metabolism was calculated as micromoles of testosterone metabo- 
lized per hour per mg. of DNA. A general correlation exists between the 
disappearance of testosterone and the formation of androstenedione (Table 
III). However, it was quite evident from visual inspection of the paper 
chromatograms that only a small percentage of the testosterone utilized 
was recovered as ketosteroids which were stained by the Zimmermann fe- 
action. The results of the incubation of testosterone with various tissues 
are listed in Table I. 

Tissue slices from three prostate specimens and four specimens of tes- 
ticular tissue from two patients were incubated with androstenedione. As 
a result of the metabolism of this steroid (Fig. 2) a small quantity of testos- 
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terone was isolated and identified by mixed paper chromatography of the 
individual experiments (Fig. 3) and infra-red absorption spectra of the 
pooled eluates. The results of these experiments are listed in Tables II 
and III, along with results of studies on testosterone incubation on the 
corresponding tissue specimens. From prostatic tissue incubation approxi- 


TABLE II 
Incubations of Testicular Tissue 

Testosterone |Androstenedione 
7 Per Per 
4 cent cent | Tissue, 
z Patient Pathology steroid | new dry 
= metabo-| steroid | weight Re- | Metab-| Re- | Metab 
x lized* |formedt ‘covered | olized [covered | olized 


Testosterone added, 5 mg. 


gm. mg. mg. mg. mg. 
29 | LUR | Prostatic cancer 0.081 | 4.9 0.0 
30 0.099 | 4.8 0.0 
31 | SUL | Benign prostatic 0.160 | 4.7 0.0 
hypertrophy 
32 0.130 | 4.8 0.0 
Androstenedione added, 5 mg. 
33. | LUR | Prostatic cancer 36 20 | 0.082 | 0.36 3.2 | 1.8 
34 18 27 0.073 | 0.24 4.1 | 0.9 
35 | SUL | Benign prostatic 24 35 | 0.130 | 0.42 3.8 | 1.2 
hypertrophy 
36 ” - ” 32 25 | 0.110 | 0.40 3.4 | 1.6 


* Per cent steroid metabolized = 
(weight of original steroid) — (weight recovered) 


100 
(weight of original steroid added) - 
t Per cent new steroid formed = 
(weight of new steroid formed) 100 


(weight of original steroid) — (weight recovered) 


mately 11 per cent of the metabolized testosterone was recovered as an- 
drostenedione. In the reverse reaction, approximately 9 per cent of the 
unrecovered androstenedione could be accounted for as testosterone. 

In order to compare these tissues with liver, two experiments were run 
with human liver tissues obtained at postmortem examination. The rate 


of oxidation of testosterone by this tissue was lower than that of any tissue 


reported here and is only equaled by some benign hypertrophic prostates 
(8). 
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Testicular tissue from one patient with carcinoma and one patient with 
benign hyperplasia of the prostate did not metabolize testosterone. Re. 
covery of added steroid was well within the limit of experimental error, 
and paper chromatograms of concentrated samples did not show any zones 
other than testosterone with the Zimmermann reagent. In paper chro- 
matography the lower limit of sensitivity of the Zimmermann reaction is 
about 10 y perem. One-third of the total extract from testosterone incu- 


TaBLeE III 
Incubations of Prostatic Tissue 
S Testosterone | Androstenedione 
Per Per 
= i cent | cent | Tissue, gk 
Ez Patient Pathology steroid| new ry 
= metabo-| steroid | weight Re- | Metab-| Re- | Metab 
x lized | formed covered! olized | covered) olized 
Testosterone added, 5 mg. 
gm. meg. még. mg. mg. 

37 | GOO | Benign prostatic 72 9 | 0.051 | 1.4 3.6 | 0.31 

hypertrophy 
38 | CHA |} Cancer 86 11 | 0.068 | 0.7 4.3 | 0.47 
39 | MIL | Benign prostatic 32 14 | 0.091 | 3.4 1.6 | 0.22 

hypertrophy 

Androstenedione added, 5 mg. 

40 | GOO | Benign prostatic 64 10 | 0.064 | 0.32 1.8 | 3.2 

hypertrophy 
41 | CHA | Cancer 78 7 | 0.065 | 0.27 1.1 | 3.9 
42 | MIL | Benign prostatic 42 10 | 0.093 | 0.20 2.9 | 2.1 

hypertrophy 


See foot-notes to Table II. 


bation with testicular tissues was applied on the paper chromatogram. 
Since no zone other than that for testosterone was visible, the major me- 
tabolite, if present, could not exceed 30 y. 

Extracts from all experiments were chromatographed in a ligroin-prop- 
ylene glycol system (10) for 24 hours and stained on the paper with the 
Zimmermann reagent. The position and color of the zones obtained are 
recorded in Fig. 1. Only one chromatogram from each group of experi- 
ments on the same patient is recorded to conserve space. As can be seen, 
with the exception of the testes all tissues incubated with testosterone 
formed one metabolite which was identified as androstenedione by mixed 
paper chromatography (Fig. 4) and infra-red absorption spectra. In some 
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cases additional Zimmermann-positive (blue) material of a mobility differ- 
ent from testosterone and androstenedione was detected, and in all cases 
highly polar starting line material was found. That these newly formed 
Zimmermann-positive substances were metabolites produced by the tissue 
enzymes and not through degradation by ultraviolet light (13) was shown 
by paper chromatography of a few control experiments which at no time 
showed any Zimmermann-positive material other than the starting com- 
pound. Studies into the nature of the metabolites produced are under way 
with the aid of radioactive 3-C'*-testosterone. 


CM. 7 
4 
20 
30LY 


Fig. 4. Mixed paper chromatogram of an extract from a tissue incubated with 
testosterone and a pure sample of androstenedione. The chromatograms were 
stained with the Zimmermann reagent. The figure above the strips corresponds to 
the number of the experiment from Table I. A, residual immobile material; B, tes- 
tosterone; C, unknown ketosteroid; D, androstenedione; EF, unknown ketosteroid. 
Solid area, blue zones; lined area, purple zones. 


DISCUSSION 


The presence of an enzyme system in several human tissues capable of 
oxidizing or reducing the 17-oxygenated C-19 steroids in vitro indicates 
that steroid metabolism may be carried on by the same tissues in the intact 
organism. We have previously reported (8) that testosterone is metabo- 
lized by a variety of non-malignant and malignant prostatic tissues. These 
tissues showed rates ranging from 0.14 to 1.5 um of testosterone metabolized 
per mg. of DNA for the non-malignant series and 0.0 to 4.2 um for the 
malignant series. 

Liver tissue ranks low in its ability to metabolize testosterone, being 
comparable to benign hypertrophic prostatic tissue in this respect. Most 
of the other tissues tested are able to metabolize testosterone at a similar 
or somewhat greater rate than prostate does. Endometrium from a case 
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of endometriosis metabolized 0.26 um of testosterone per mg. of DNA, 
while myometrium (two experiments) metabolized 0.64 and 0.87 um of 
testosterone per mg. of DNA, respectively. One specimen of bladder can- 
cer, metastasized to the prostate, metabolized 2.7 um of testosterone per 
mg. of DNA. Four experiments from one case of cervical cancer showed 
a variation of 0.65 to 2.2 um of testosterone per mg. of DNA. Colonic 
mucosa and smooth muscle, from a case of diverticulitis, metabolized 0.59 
to 1.3 um of testosterone per mg. of DNA and are comparable with cervical 
and uterine tissue. From these data it would seem that the enzymes re- 
sponsible for the metabolism of testosterone are fairly evenly distributed 
throughout these specific tissues. 

Two tissues appear exceptional in their ability to metabolize much larger 
quantities of testosterone than the other tissues discussed above. Mam- 
mary cancer tissues have a very high rate of oxidation of testosterone, 
varying from 6.0 to 30.0 um of testosterone per mg. of DNA. In one case 
(Patient COY), it was possible to separate most of the histologically veri- 


fied tumor nodule from the surrounding fat and skin. Grossly normal — : 


skin metabolized 10.0 um of testosterone per mg. of DNA; the two pieces of 
fat invaded by tumor oxidized 9.0 and 6.0 um of testosterone per mg. of 
DNA, respectively, while the principal nodule metabolized 28.0 um of 
testosterone per mg. of DNA. In two experiments from one specimen of 
normal breast the rate of testosterone utilization was lower, resulting in 
metabolism of 2.2 to 5.4 um of testosterone per mg. of DNA. It is in- 
teresting to note the very low DNA content of the breast cancer tissues. 


The only other tissue used in these experiments having such a low DNA © 


content and showing a very high rate of testosterone metabolism is skin 
itself. In two experiments with normal skin from a patient suffering from 
pilonidal sinus, rates of 8.5 to 8.6 um of testosterone per mg. of DNA 
‘were obtained. 

These results are of particular interest, since they suggest that large 
quantities of testosterone may be metabolized in the human body by tis- 
sues other than the liver. Also it appears that a variety of cancerous tis- 
sues metabolize significant amounts of testosterone. 

The ability of the skin to metabolize large quantities of testosterone may 
be of particular significance in explaining the inability of previous investi- 
gators to detect any identifiable quantities of testosterone or 17-ketoster- 
oids in peripheral blood. The large amount of skin and other tissues 
which have been shown to metabolize testosterone would reasonably be 
expected to convert endogenous testosterone to metabolites as yet un- 
recognized. 

Ryan and Engel (6) have reported that many human tissues are able to 
metabolize estradiol and estrone. The formation of estrone from estradiol 
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was far greater than the reverse reaction, except for testicular tissue, which 
strongly favored the reduction of estrone. This is a remarkable parallel 
to our own observations (Table II) and points to the possibility that the 
same enzyme system is involved in the oxidation of testosterone and es- 
tradiol. Further experiments with radioactive testosterone for incubation 
with testes are now under way to determine whether the inability of testis 
to oxidize testosterone is an inherent factor or is due to the pathologic 
nature of the tissues examined or to limitations of the analytical method. 
This is of particular interest, since the experiments reported here suggest 
the possibility that androstenedione may be a precursor of testosterone, 
as was previously suggested (2, 14, 15). 


SUMMARY 


1. It has been shown that a variety of malignant and non-malignant 
human tissues metabolize testosterone, forming androstenedione as a ma- 


jor metabolite. 
2. Normal skin and malignant breast tissues metabolized far greater 


- amounts of testosterone than did any of the other tissues. 
3. Prostatic and testicular tissues were able to reduce androstenedione 


to testosterone. 
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THE INCORPORATION OF 4-C"-CYTIDINE IN 
RAT LIVER SLICES* 


By LAWRENCE GROSSMAN anno DONALD W. VISSER 


(From the Department of Biochemistry and Nutrition, School of Medicine, 
University of Southern California, Los Angeles, California) 


(Received for publication, January 11, 1954) 


The réle of pyrimidine nucleosides as precursors of nucleic acid has at- 
tracted considerable attention as the result of recent investigations (1-5). 
Studies in which mammalian organisms were employed have shown that 
the free bases are not incorporated into nucleic acid, whereas the N-riboside 
derivatives are effective precursors (1, 6, 7). 

At the present time there is very little information concerning the mode 
of nucleoside incorporation into nucleic acid. A study of the incorporation 
in vitro of C-labeled cytidine into the ribonucleic acid (RNA) pyrimidines 
of nuclear and cytoplasmic fractions of liver slices was conducted for the 
purpose of obtaining further information concerning pyrimidine metabo- 
lism. 


EXPERIMENTAL 
Preparation of 4-C'-Cytidine 


2-Thio-4-C-uracil—A modification of Heidelberger and Hurlbert’s 
method (8) for the synthesis of orotic acid and oxalacetic acid was em- 
ployed. 5.16 gm. of sodium hydride were permitted to react with 20 gm. 
of carboxyl-C™ ethyl acetate and 30 gm. of dry ethyl formate overnight at 
room temperature. The sodium enol salt of the ethyl formyl] acetate was 
refluxed with 20 gm. of dry thiourea in 35 ml. of xylene for 6 hours with 
constant stirring and with all precautions to exclude moisture from the 
reaction mixture. After removal of the xylene by lyophilization, an 
aqueous solution of the residue was decolorized with activated charcoal and 
acidified with acetic acid. The white crystalline product, having the same 
ultraviolet absorption spectrum as recrystallized commercial thiouracil, 
melted at 340°. Recrystallization from water yielded 19.0 gm. (65 per 
cent of theoretical). | 

4-C“-Uracil was prepared from monochloroacetic acid as described by 
Wheeler and McFarland (9). 

2,4-Dichloro-4-C"-pyrimidine was prepared according to the methods of 
Hilbert and Johnson (10). 


* This work was supported by a grant from the United States Public Health Ser- 
vice. Some of the facilities were made available by the Allan Hancock Foundation. 
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2,4-Diethoxy-4-C™'-pyrimidine was synthesized according to the directions 
of Hilbert and Johnson (11). 

4-C'-Cytidine was obtained from 2 ,4-diethoxy-4-C"-pyrimidine ac- 
cording to the methods of Howard, Lythgoe, and Todd (12). After aminol- 
ysis of the condensation product a sample of the material was separated 
- into two radioactive, ultraviolet-absorbing components by filter paper iono- 
phoresis (13) at pH 3.7. One of the components was characterized as 
cytosine and the other spot as labeled cytidine. 

Resolution of 150 mg. of the mixture was accomplished by the use of an 
ion exchange column (Dowex 50, H+ form), 60 cm. in length and 2.5 em, 
in diameter. The mixture was placed on the column at pH 3.0, and the 
resin was successively washed with 100 ml. of water and 250 ml. of 0.2 x 
HCl. The labeled nucleoside was eluted with 50 ml. of 2.0 n HCl and was 
shown to be free of cytosine by the use of filter paper ionophoresis at differ- 
ent pH values. In each case no radioactivity or ultraviolet absorption 
was present except that which was associated with the cytidine. Deter. 
minations of purity by the use of reported molar extinction coefficients 
(14) showed that the 4-C™-cytidine was at least 95 per cent pure. 

Tissue Slice Experiments—Each incubation was carried out with 5 gm. 
of liver slices from a 250 gm. male rat (University of Southern California 
strain) in 7.3 ml. of a Krebs-Ringer bicarbonate buffer containing 5 mg. 
of 4-C''-cytidine having a specific activity of 12,200 c.p.m. per um. The 
rats were sacrificed by decapitation, and the liver was sliced immediately 
by hand with a Stadie-Riggs slicing block. The incubations were carried 
out in an atmosphere of 95 per cent oxygen and 5 per cent carbon dioxide. 
At the end of 4 hours the tissue was removed with sterile forceps and frac- 
tionated into “nuclear” and ‘“‘cytoplasmic’”’ fractions (15). The nuclear 
fraction was examined histologically with an alcoholic solution of a methyl 
green pyronine stain and found to be free of cytoplasmic débris. A total 
' protein residue was obtained from each fraction according to the modified 
Schmidt-Thannhauser method of Rafelson et al. (16). The mixed ribonu- 
cleotides were obtained from the protein residue by the Werkheiser-Winzler 
modification (13) of the von Euler and Hahn (17) extraction procedure. 
The methods described by Werkheiser and Winzler (13) for the filter paper 
ionophoretic separation of the mixed nucleotides were followed with the 
exception that ammonium formate was used as a buffer salt replacing so- 
dium acetate. The use of ammonium formate as a buffer offers distinct 
advantages for ionophoresis of C-labeled compounds since it may be com- 
pletely removed at 60° in 7 hours, thereby reducing the self-absorption 
corrections for radioactive determinations. 

Ionophoresis of the mixed nucleotides at pH 6.0 yielded a single elon- 
gated spot containing all four nucleotides effectively separated from many 
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contaminants present in the crude mixture. This spot was eluted from 
the paper strips by capillary action with water as the eluent, and iono- 
phoresis was again carried out at pH 3.7. The resulting mononucleotides, 
located with a Mineralight lamp, were eluted with water and placed on 
1 inch watch crystals treated with Dri-Film. These samples were then 


TABLE 
Incorporation of 4-C''-Cytidine into Rat Liver Nuclear and Cytoplasmic RNA 
Pyrimidine Nucleotides in Vitro 
A 125 ml. Erlenmeyer flask containing 7.3 ml. of a Krebs-Ringer bicarbonate 
buffer, 5 mg. of 4-C'*-cytidine having a specific activity of 1.22 X 104 ¢.p.m. per uM, 
and 5 gm. of rat liver slices was incubated in the presence of 95 per cent O2-5 per cent 
CO, for 4 hours with shaking. 


Relative specific 


Ratios, 260: 280 
my* C.p.m. per uM activitiest 


(a) (b) (a) (b) (a) (b) 


Cytoplasmic fraction 


Uridylic acid, Experiment I.......... 4.70 | 3.30 | 12.80} 15.00 | 1.06 1.25 

3.15 | 3.00 | 14.60 | 14.60 | 1.21 | 1.21 

Cytidyliec acid, Experiment I.........| 0.51 | 0.52 | 10.30 | 10.30 | 0.86 | 0.86 

II........| 0.60 | 0.53 | 10.50} 10.90 | 0.87 | 0.91 
Nuclear fraction 

Uridylic acid, Experiment II......... 3.60 | 3.18 | 109.00 | 112.00 | 9.10 | 9.30 

Cytidylic acid, Experiment II........| 0.62 | 0.51 | 42.00, 43.00 | 3.50 | 3.60 


(a) = separation of ribonucleotides by filter paper ionophoresis at pH 6.0 followed 
by ionophoresis at pH 3.7; (6) = further purification of (a) by anion exchange resin 
(Dowex 1). | 

* Used as a criterion of purity (13). Uridylic acid, 2.8 to 3.42, mean 3.02; cyti- 
dylic acid, 0.504 to 0.536, mean 0.520. 

t (Counts per minute per micromole of nucleotide)/(counts per minute per micro- 
mole of 4-C'4-cytidine) < 100. 


dried for 7 hours at 60° and counted in a windowless flow counter. The 
observed counts were corrected by means of a self-absorption curve to 
standard thickness of 2 mg. per sq. cm. | 

The radioactive material present on the watch crystals was dissolved 
in 1.0 ml. of 0.01 n HCl and washed twice more with 1.0 ml. portions of 
0.01 n HCl. The combined fractions were pooled and diluted to 5 ml. 
The ultraviolet absorption of the samples was determined in the Beckman 
DU spectrophotometer at 260 and 280 my. The ratios of these values 
were used as a criterion of purity (13). 
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Some of the 260:280 my ratios following ionophoresis at pH 3.7 wep grea 
not within the acceptable range of purity. Each pyrimidine ribonucleg. 
tide was therefore further purified on an ion exchange resin (Dower ], 
formate form, 1.5 cm. long and 1.0 cm. in diameter). The samples wer | °)™ 
placed on the column in slightly alkaline solution. The column contaip. 
ing the uridylic acid was first washed with 10 ml. of water and 10 ml, of 
1.5 N formic acid and then eluted with 30 ml. of 4.0 n formic acid. The | 


column containing the cytidylic acid was washed with 10 ml. of water and tN 
10 ml. of 0.1 N formic acid and eluted with 30 ml. of 0.5 n formic acid. The 4 ~® 
| samples were evaporated to dryness by an air jet, dissolved in a small ue 
amount of water, and placed on watch crystals treated with Dri-Film fe om 
counting. Concentrations and determinations of purity were carried out Han 
as described above. and 
It can be seen from Table I that the 260:280 mu ratios after the final RN 
purification have an acceptable degree of purity, while the specific activi. - 
ties are unchanged, indicating that the actual extent of contamination be- 
fore ion exchange was slight. \ 
RESULTS AND DISCUSSION 2. 
thar 


Cytidine, which has been shown to be utilized to a significant extent for 
| the synthesis of ribonucleic acid pyrimidines in vivo, is also readily incor- .. 
porated into the RNA of rat liver slices. After a 4 hour incubation periel | %™ 
of 4-C-cytidine with liver slices a significant amount of the label was 

recovered in the RNA pyrimidine nucleotides. 


The data in Table I show that the nuclear pyrimidine ribonucleotide | |! 
have a greater specific activity than those isolated from the cytoplasm. : : 
Jeener and Szafarz (18) from similar observations with P®*O, proposed that | , | 
nuclear RNA is a precursor of cytoplasmic RNA fractions. On the other f 5. 1 
hand, Barnum and Huseby (19) made extensive calculations which led f 6. | 
them to believe that nuclear RNA is not a precursor of cytoplasmic RNA |”: : 
but rather that they both have a common precursor. The heterogeneous : ' 
incorporation of a substrate into the nucleic acids of different cellular frac- J 19, | 
tions has also been observed with labeled glycine (20) and orotic acid (21). J 11. | 

The data in Table I show that uridylic acid of both cellular fraction } '2-' 
has a greater specific activity than cytidylic acid. These results are similar o | 
to those obtained with C"-orotic acid in vitro (22) during a 4 hour incubs | ,, 
tion period. 

Hurlbert and Potter (21) found that the degree of incorporation in vm | 16. 
of C-orotic acid into uridylic and cytidylic acids of nuclear and cytoplasmic | 1. 
liver fractions is quite similar at 4 hours to that shown in Table I. On me 
the other hand, Hammarsten, Reichard, and Saluste (1) and Reichard (23) | 


found that N'-orotic acid and N'-cytidine are incorporated to a somewhat 
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greater extent in the cytidine of mixed organ nucleic acids of the rat than 
into the uridine after a 3 day period. However, it is of interest that, in 
this instance also, orotic acid and cytidine are incorporated into the two 
pyrimidines of RNA in a parallel fashion. The similarity in the degree of 
incorporation of these precursors into the nucleic acid uracil and cytosine 
in all cases is suggestive of the possibility that cytidine and orotic acid are 
converted to a common intermediate. 

That labeled cytidine is incorporated preferentially into the uridylic acid 
of RNA rather than the cytidylic acid is probably not due to a direct deami- 
nation of this precursor to uridine, since Greenstein et al. (24) failed to 
demonstrate the presence of a cytidine deaminase in liver. Moreover 
Hammarsten et al. (1), when comparing the incorporation of N'-cytidine 
and uridine, showed that the former nucleoside was effectively utilized for 
RNA pyrimidine biosynthesis, whereas the latter acted as a very poor pre- 


cursor. 
SUMMARY 


1. Synthetically prepared 4-C'-cytidine was incubated in rat liver slices. 

2. The labeled cytidine was incorporated more readily into nuclear RNA 
than into cytoplasmic RNA. 

3. The specific activities of the uridylic acid were greater than for cyti- 
dylic acid in both fractions. 
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